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ABSTRACT | 


The present status of marine gas turbine propulsion 
systems is reviewed with special emphasis on certain areas 
such as method of thrust reversal, enviromental problems, 
fuel requirements and cost considerations, 

The future of marine gas turbine propulsion is con- 
Sidered by looking at the following: 

1) Expected development of marine gas turbine engines 

2) Thrust reversal methods 

3) Suitability of gas turbine propulsion for 
different ship types 

This is carried out by an extensive literature survey 
and personal interviews and/or correspondence with auth- 
Metelbes in the gas turbine and marine engineering field. 

Among the conclusions reached concerning the future 
of marine gas turbine propulsion are the following: 

1) Most non-nuclear warships built in the future are 
expected to be propelled entirely by aero-deriv- 
ative gas turbines. 

2) A significant increase in the use of gas turbines 
for merchant ship propulsion utilizing both aero- 
derivative simple cycle and heavy duty regenerative 
enemies 15 expected, 

3) Primary method of obtaining thrust reversal with 
gas turbine propulsion is expected to continue to 
pe swnrourph use of controllable, reversiole pitch 
propellers. CRP propellers up to 40 to 50,000 HP 
per shaft for destroyer type ships and to over 
60,000 HP per shaft for larger vessels are expected 
to be available in the next few years, 

4) Marine gas turbine propulsion plant thermal effic- 
lencies are expected to reach approximately these 
levels in the next decade: 


Aero-derivative simple cycle gas turbine 38% 
Heavy duty regenerative gas turbine 
Combined gas turbine and vapor engine ate) 


Specific powers will also increase significantly. 


Thesis Supervisor: aA, Douglas Carmichael 
ace ; Professor of Power Engineering 
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The gas turbine has only recently been widely accepted in 
mave’l applications and is still Quite jnpreovent utilized One 
merchant ship propulsion, The gas euitncane appears to offer sev- 
eral advantages aS a marine propulsion unit. Among these are 
low specific weight and volume, ease of automation, fast start- 
ing and reliability. It also possesses some disadvantages which 
have held back its widespread aiiaia taker as a marine power plant. 
The major disadvantage probably has been its comparatively low 
thermal efficiency, particularly bad at part load, coupled with 
the requirement to burn a relatively high cost distillate fuel 
such as JP5 or diesel, Another porialb Gohsdder nein involved 
with using gas turbines for marine propulsion is cheemene gas 
turbine is normally a uni-directional prime mover and therefore 
reversing of the ship can not be accomplished simply by revers- 
mie the direction of the prime mover rotation as with a diesel 
emezine, for example. | 

In some applications the advantages of the gas turbine 
far outweigh the disadvantages and it has long been recosnized 
as the obvious choice for the propulsion unit, The foremost 
example of this is in propulsion of unconventional craft such 
as hydrofoils or hover craft, the low specific weight require- 
ments for these craft have virtually ruled out any prime mover 
Other than the gas turbine, In other applications the choice 
has not been as clear. However, one other area where the gas 


EUurpobane seems tO be accepted 1s "in supelying "boost pever for 





vi 


naval vessels. Most naval war ships spend much of their oper- 
ating life cruising at low power Wevelewand only requi saan 
power fer shert periods of time. . The gas turbine ts veryewel! 
suited to supply this boost power and has gained wide accept- 
ance in this application, The acceptance of the gas turbine 

for base load cruising power has not been as great and this has 
resulted in several types of combined plants being used aboard 
naval vessels, These combined plants are designated by acronyms 
which have become part of the marine engineer's vocabulary. 


Some of the most important are: 


Combined Diesel and Gas Turbine CODAG 
Combined Diesel or Gas Turbine CODOG 
Combined Steam and Gas Turbine COSAG 
Gombined. Gas Turbine and Gas Turbine COGOG 


The last combined plant listed utilizes a lower power gas 
turbine to supply the base load power and a high power turbine 
to supply the boost power, This allows both turbines to oper- 
ate at their optimum efficiency and avoids poor part load per- 
formance, . 

in non-naval vessels, other than the unconventional types 
previously mentioned, the disadvantage of the high specific 
muel consumption and high cost fuel have combined to keep com-— 
mercial marine gas turbine installations quite infrequent. 


There are two rather different CYPES Ol Gas cCurbines 








1) 
which have been utilized as marine gas turbines. One Ol SGicsc 
is the industrial or neavy duty gas turbine which was origi-- 
nally designed for land based application such as electric 
power generation, large compressor prime movers and etc. The 
Bever type is ebhe aircraft derivative fas turbine miles. 
converted from an engine originally developed for aircraft pro- 
pulsion, .The aircraft derivative turbine is usually a high pres- 
Sure ratio simple cycle turbine where as the heavy duty turbine 
generally utilizes a lower pressure ratio and often is a regen- 
erative cycle engine, in general, the aircraft derivative tur- 
bine tends to be lighter and more compact than a heavy duty 
turbine of comparable horse power, but the heavy duty turbine, 
because of its heavier construction, tends to have a longer time 
Between required overhauls. 

The purpose of this study is to review the current status 
of marine gas turbines and to look at recent developments in 
gas turbine plants and associated propulsion equipment in order 
to gain some insight as to the future of marine gas turbine 
propulsion both naval and commercial, This has been carried 
cut by means of an extensive literature search and analysis 
and by personal interviews and/or correspondence with author- 
wiles in the marine engineering and gas turbine field. 

Only open cycle plants are considered and no consideration 


is given to nuclear powered gas turbines, 
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2. BACKGROUND AND PRESENT STATUS ak 


in @ais section, some of the history and (he ™prescenveco i 
oe tb1On Of ver ie gas turbine propulsion applications is dis- 
cussed in three parts: the actual ship installations, the gas 
turbine engines and areas of specific interest such as revers- 


me problems, tow thermal efficiencies, and etc, 


a. 6d Ship mee. Liens 

The history of the gas turbine in marine propulsion 1S a 
comparatively short one. Apparently the first vessel to be 
propelled at sea by a gas turbine was the British motor gun 
boat (MGB 2009) in 1947, The purpose of this early applica- 
meron Was tO gain experience on design, installation, opera= 
tion and maintenance of a gas turbine at sea, Following this 
installation, the British continued with patrol boat gas tur- 
bine installations with their Brave class patrol boats pro- 
vecing the model for several other patrol or gun boat propul- 
sion systems, 

Two other significant past applications were in the 
Auris and the John Sergeant, both merchant ships. The British 
tanker Auris (1) initially had four diesel driven alternators 
for electric propulsion, In 1951 one diesel was replaced by 
a 1200 hp British Thompson Houston gas turbine. This turbine 
operated 20,000 hours at sea with little down time. Deposition 
eed Corrosion of biladlor when burning high viscosity residual 


mucls Was Une preavest problem encountered with the niga 








UZ 
pressure turbine (turbine inlet temperature was about 1200° F), 
The electrical propulsion system was replaced by an AEI 5500 hp 
gas turbine plant with a reversing gear and a hydraulic trans~- 
mission unit in 1956. This plant was operated for over 5,000 
hours, The maneuvering capability of Auris was very good but 
some problems were encountered with the friction clutches in 
the hydraulic transmission system, The Auris was withdrawn 
from service in 1960, not because of any difficulty with the 
propulsion plant, but because 12,000 ton tankers had become 
uneconomical, 

The John Sergeant (2) was one of four Liberty ships con- 
verted under the U.S, Maritime Administration's program of 
moivestigation of different types of propulsion systems. 11 
was powered by a two shaft 6000 hp G.E. heavy duty regenera- 
tive gas turbine (turbine inlet temperature about 1450° F) 
Seivine a controllable pitch propeller through a reduction 
gear, The gas turbine was capable of burning certain types 
of residual fuel for which a fuel treatment plant was carried 
on board, The John Sergeant went into service in 1956 and 
Seperated at sea for 9,270 hours. During this time very few 
malfunctions occurred and overall availability of the plant 
was estimated at 99.7 per cent. The only special problem 
was the fuel cleaning and treatment system. This system per- 
formed well but required careful and continuous attendance 
on the part of operating personnel, It was felt that unfavor- 


meme Woohing arranvements due tO CONnVersiloOn Comeroniccom vere 








nls 
in large pars responsible for this es) ane Sergeant was re- 
moved from service in 1959 because of termination of the Lib- 
erty ship development program, 

In the past decade the total insvalied marine tac ecu moma 
morsepower has increased dramatically. in the four years iron 
1965 to 1969 alone the installed horsepower increased by about 
a factor of three from 1.9 million to 5.8 million horsepower 
(3), Part of this is for electrical power generation and aux- 
iliary use but most of it, about 95%, is for propulsion. Table 
2.1 is a tabulation of most of the significant marine gas tur- 
pane propulsion applications presently in service or in 2 
puLiding program. From an examination of this summary some 


micveresting points can be noted; 


1) The USSR accounts for almost one-half of the 
total installed horsepower, 

2) Most of the installations are in naval ships 
of the frigate/destroyer class or patrol 
boats and is mostly of the "boost" power 
variety, 

3) Most marine installations (at leacit or 
those that are known; this excludes USSR) 
utilize gas turbine engines of the air- 


craft derivative type, 


The Russian warship gas turbine installation details are 
not available. These details have been the subject of spec- 


MiatiOnwin ene liveravure, At least one Source Cl) sta nes 
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19 
that it is most likely that the Kashin-class destroyers are 
powered by aircraft derivative type turbines but no firm basis 
for this belief is offered, Some of the Rucsianesconme reas 
marine gas turbine application details are known, Both the 
tanker Yessentukiy (which does not appear to be currently in 
service), and the cargo ship Parizhskaya Kommuna utilize two 
heavy duty intercooled, regenerative two shaft 6500 hp gas 
turbines coupled in parallel through conventional articulated 
double reduction gears driving a single controllable revers- 
ible pitch propeller. (3, 5, 6). The turbine inlet temperature 
is about 1380° F with a pressure ratio of 9:1. Another com- 
mercial application is in the gas turbine hydrofoil craft 
Burevestnik, which is a 150 seat hydrofoil craft for use on 
rivers,. It is powered by two CPK gas turbines of aircraft 
derivation developing 2,700 bhp at 1,070 rpm (7). These tur- 
bines are directly coupled to two-stage axial flow pumps which 
provide the hydraulic thrust propulsion, The ACV Sormovich is 
also powered by an aircraft derivative turbine, Ivchenko A1-24 
(3). The aircraft version of the A1l-24 is a single shaft turbo 
peop eCrgine with a pressure ravio of /:1, turbine aniet temper 
ature of about 1800° F (8). A few other observations which 
soould be considered in attempting to infer the nature of the 


Russian warship installations are: 


1) The USSR has only very recently begun to utilize 
aircraft derivative gas turbines in land based 
electrical power generating plants for emer- 


gency and peak load performance (9). 








2) The USSR does possess a number of high 
performance turbo ject, turbo peop rea ne 
fan 360 engines Sultable 1 or converse 
to marine propulsion use (8). 

3) The horsepower per gas turbine in the 
USSR destroyer installations is much 
greater than in any of the commercial 


installations described above. 


The many frigate/destroyer type installations are almost 
mr or Cie combined type variety with most of Unem utilizing 
a prime mover other than a gas turbine, usually diesel, as the 
maee load plant, Among Che exceptions to this are the Canadian 
DDH and the British Type 42 DD and Type 21 frigate, all of 
which utilize COGoG plants, all with aircraft derivative gas 
momeines, The first DDH is scheduled for sea trials in mid 1971 
and the Type 42 destroyer and Type 21 frigate are also new con- 
meneer2on Ships, none of which has yet been delivered. ine 
Ovner notable exception to the above is the U.S. Navy's Spruance 
eros destroyers which are not going to be a combined planv but 
will instead be me by four 20,000 horsepower G.E. LM 2500 
aircraft derivative gas turbines, - This installation is notable 
Tor several reasons, It is the first non-combined type plant 
in a destroyer/frigate type vessel outside of the USSR and 
beyond that, 1t represents the U.S. Navy's first warship in- 
stallation of propulsion gas turbines in other than patrol 


meavs or unconventional craft, The first Spruance class des— 
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troyer is scheduled for delivery in about two to three years. 

Many of patrol/gunboat installations are either CODOG or 
CODAG, Several countries have very similar boats in service. 
mye such installation consists of a CODOG plant Utilizing 
three aircraft derivative Rolls-Royce Proteus gas turbines in 
a 110-115 ton boat with top speed of 54 knots. This boat is 
operated by about five different countries (3). The other most 
frequent type of installation (excluding the USSR) in patrol 
meavs 1S an all gas turbine plant also utilYZing three Proteus 
mereurbines, The British Brave class’ patrol boats and the 
Swedish T-121 Torpedo boats are of this type, The USSR has 
Pout tifty 150 ton patrol boats with all gas turbine propul- 
sion of 5000 hp each, 

There are a few Slgnificant commercial ship applications. 
One of the most interesting of these is in the GTS Adm, William 
M, Callaghan which is a roll on/roll off type ship owned by the 
Military Sealift Command (formerly the Military Sea Transporta-~ 
tion Service) of the U.S.Navy. There is some difference of 
opinion as to whether this should be classified as a commercial 
ship or NOU since it was designed and built to provide operating 
Gmecrience in the design of Navy ships powered by gas turbines 
(10), However, it has operated since its delivery in December, 
1967 as a military cargo carrier between the East coast, USA 
and Bremerhaven, Germany, so it is at least a merchant type 
ship. The main propulsion system of the ship consists of two 


gas turbines (originally FT4A-2s, more recently one LM 2500 
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and one FT4A-2), each driving a fixed pitch SyvonoSIL Le through 

a reversing reduction gear. The ship has operated on marine 
diesel fuel most of the time with some experimental use of a 
heavy distillate type fuel. It is claimed that operation has 
been simple and maintenance has been minimal with the ship 
maintaining a high degree of utilization (10). A more complete 
description of the Callaghan is given in Appendix A, 

The second interesting commercial marine gas turbine 
application is in the four 23,000 ton dead weight twin-screw 
container ships being built by the Emden, Germany yard of 
Rheinstal Nordseewerke for the Scarsdale Shipping Company of 
London to be chartered by Seatrain Lines, Inc, These ships 
are powered by two Pratt & Whitney 30,000 hp FT4A-12 aircraft 
derivative gas turbines, each driving a Lips N.V. controllable 
pitch propeller through locked train reduction gearing (11). 
These ships are expected to use a heavy distillate fuel and it 
is expected that the high availability and reduced manning will 
overcome the higher fuel costs (12). The first of these ships, 
eae Euroliner, was launched in October 1970, 

Another interesting marine gas turbine application is the 
mecentiy announced decision of Broken Hill Proprietary Company 
Ltd, (BHP) of Australia to install General Electric heavy duty 
jmyep00 hp MS 5212R two shaft regenerative gas turbines in two 
single-screw roll on/roll off special steel products-carriers. 
The fuel proposed is a waxy residue fuel indigenous to Australia 


with the same cost as Bunker "C" (13). It is not clear as to —* 


Skim Paee To 6.23 











jet engine suitably marinized to Serve as the 2as 2everavemeawd 
mer a special power Curbine to be desiencdmue Cod cimy cme 
@ee tne hot, pressurized gas to mechanical ecnércy elie cote oe 
however, the basic aero engine already has a power turbine as 
fom Oriving a propeller in a turbo proprengine or fcr, ae 
mee fan in a high bypass ratio fan jet engine. Im these cases, 
ieras then usually not necessary to design a new power turbine, 
ioemost cases the power turbine is designed to stay in the ship 
mmr Only the gas generator section being repaired by replace— 
ment; however, particularly in lower N@msepower engines (era 
power turbine may be removed along with the gas generator. 

it iewusvaleco retain the basi¢sacro enginemmbriea7 10) 
system for the gas generator, This system uses a low viscosity 
Synthetic oil which is required for the lubrication of the anti- 
Mee vlOon journal and thrust bearings used. In the case of inte- 
Gel power turbines also running on ball and roller bearings, 
the lubrication system of the power turbine is combined with 
Meat Of the gas generator, Where the power turbine is designed 
to remain on the ship and runs on large plain bearings with 
thrust bearings of the Michell byYpe, Iu 1S Weve row inpetrace 
ites lubrication system with that of the reduction gears, The 
feercnevlc Ol1l used in the gas generator lubrication system will 
react with water under certain conditions to produce certain 
undesirable acidic constituents which would result in corrosion; 
therefore, water contamination of this oil must be avoided, (14). 


jee 1S une reason tne gas generator lube oil is normally cooled 








whether a fuel treatment system will be required or not, This 
Will mark the first commercial use of a heavy duty gas turbine 
in marine use (outside the USSR) since the John Sergeant was 
withdrawn from service, A GE MS 5002 series gas turbine simil- 
ar to the one to be used in this application is described in 
greater detail in Appendix B, The first of these two ships is 
scheduled to be delivered in September 1972 with the second to 
follow a few months later. 

Besides the description of the GTS Adm, William M, Call- 
aghan mentioned above, several other marine gas turbine instal- 
lations are described in Appendix A, In addition to the Call- 
aghan, these include the Danish CODOG frigate Peder Skram, the 
Swedish T-121 Torpedo Boat, the Canadian DDH-~280 class heli- 
@Copuer destroyer, and a General Electric Integrated Gas Turbine 
Power Plant Design done for the U.S. Maritime Administration, 
and, although never built, is probably representative of the 
type of installation that will be in BHP's roll on/roll off 


ships mentioned above, 


2.2. Gas Turbine Engines 

As has been stated previously, there are essentially two 
rather different types of gas turbines in marine propulsion use; 
the aircraft derivative type and the industrial or heavy duty 
type. 

The aircraft derivative gas turbine is usually high pres- 
merce ratio simple cycle gas turbine which Consists of a gas 
generator and a free power turbine, It is usual for the aero 

Mokurw be pe 


{waus 
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by utilizing either the gear box mineral oi] or the gas curoime 


fuel as a cooling mediun, 


some of the marinization features that must be arranged 


for the aero engine to make it acceptable for marine use are 


Eee roillows (15): 


1) 


2) 


oy 


4) 


5) 


6) 


The 
The 


pressure 


All magnesium alloys must be eliminated; 
usually to be replaced by a suitable 

aluminum alloy. 

Compressor blading, both for stators and 
COvenoweowenid be in stainless steel or 
titanium, 

The thrust bearing capacities must usually 

be increased because of the increased thrust 
load in marine application, 

The combustion equipment usually requires 
some redesign in order to burn a heavier 
(toi liovemnMel ange tO acChiCve SmOMe tree 
combustion, 

Normally the maximum turbine inlet tempera- 
ture allowed is appreciably lower than that 
allowed in aircraft service, 

ihe usual method for reducing the corrosion 
Of tne turbine blading is to use 42 protective 
aon numesditl usLlomm@eoating., 

aircraft derivative engines use distillate fuels, 
heavy duty or industrial gas turbdine is usually a low 


Paeier, Ol 6eN regenerative cycle gas turbine. Tvs 
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HOuroDeCiilee lly desipned for Tow meio Gowen but instead 
for long life requirements. The heavy duty turbine design par= 
allels that of the steam turbine in many respects, (16). Casings 
are split on the horizontal center line allowing rotor removal 
moe bearing inspections on site. The larger parts Of Che mea 
@uoy turbine, as compared to the aircraft derivative, are Gdéesie7— 
ead to be repairable by local crews, The overall design of the 
fe mouLy turbine 1S more conservative, tne Pressure tices perm 
muacte in the compressor is less, the combustor is made large 
meme low heat release and the bearings are long life pressure 
imoricated sleeve bearings, The allowable turbine inlet temper= 
eeure is usually less than aircraft types designed at the same 
time, The industrial type with its large combustor is usually 
Gesigned to be able to burn properly treated residual fuesT. 
iaeceneral then, the aircraft derivative turbine will have a 
lower specific weight and volume but will have a shorter time 
between overhauls and probably will not be able to wlll zZesra. 
Boece Of fuel types that the heavy duty turbine will. 

The heavy duty turbine also must be modified to some de- 
eree for marine service, General Electric marinization consists 
primarily of some material changes and coating of other mater- 
mees, (17). 

A tabulation of the characteristics of most of the pas tur= 
mene engines currently in use or offered for marine use 1S fiven 
mimtable 2,2, it will be noticed from this tabulation that for 


Pe vuroine enpimes, 1t 1S usual to give different power ravmics 
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such as maximum, normal, ete, The baste -penec i these 
ratings is the difference in turbine inlet temperature and 
therefore the expected time between overhauls, At the lower 
power levels the turbine inlet temperature is lower thereby 
exvending the life of the hot sections of the eng inecc et acer 
Meveally arranged for alrcrait derivative engines, however, seme 
times industrial engines are also derated for marine use as for 
the Westinghouse W.41 engine used in the Canadian Coast Guard 
Beemrcakcr, Norman McLeod Rogers; Il has an industrial ser jee 
turbine inlet temperature of 1450° F, but in the icebreaker 
application, a TIT of only 1350° F was used, (18). 

Also, an examination of the table shows that gas turbine 
eaeine ratings tend to be given for several different compres= 
Pemeanilet temperatures, Aircraft engines are normally rated 
at 59° F while the U.S, Navy requires its propulsion gas tur- 
bines to be rated at 100° F (57) and other ratings are likely 
fomoe fiven av vemperatures inbetween. Figure 2.1 gives an 
example (FT4A-12) of how the power ratings vary with inlet tem- 
perature. (19). 

The other condition that should be specified in a power 
rating is the inlet and exhaust pressure drops, For shipboard 
installations it is usual to specify allowable pressure drops 
in the inlet and exhaust ducting on the order of 3-4! moO TO 
the let Sra Sa5 tt H50 for the exhaust. Since these pressure 
muops Will have a Significant effect on the performance of tie 


engine, they should be specified in a power rating, If no exit 
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FIG, 2,1 Variation of Pratt & Whitney FT4A-12 Power Rating 
with Compressor Inlet Temperature (19). 


1, Inlet pressure is 14.7 psia., 
Zeeeo iniet Or Exnaust der Pressure loaces . 
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wd, 
pid. inlet pressure dropssare slalccmaiaks normally assumed that 
miere were none, AS an example Of shOW Sieuisicant es riesespre 
sure losses can be, a pressure loss of one per cent in the in- 
take ducting of a marine Olympus engine would cause a power 
loss of 2.2% and an increase of one per cent in the exhaust back 
pressure would cause a loss in power of 1.2%, (20). ‘This in- 
dicates that ina ship installation particular care must be 
given to the design Of In ie mal anenee duc tineeacer manamize 
pressure losses, 
Another point which can be illustrated by the table is 
mie 1 1S customary, particularly for aircraft derivative 
emeines, to continually uprate the same basic engine design by 
Messing the GUuYrbIne wilet temperature acini uo cde coa cme. 
and/or materials become available, Compare the FT4YA~2 and the 
FTYA-12 or the Olympus TMIA and the Olympus TM3B, for example, 
Puenumunus. tabuiatwomsof .sengines, Onemean alsouscemrac 
muemticant differences in the IM 2500 and the other aircraft 
derivative engines, Among these differences are: 
1) TIT over 4009 F greater than any of the 
Otideimsens thes. 

Bo Pressure ratio of 17:1 versus 12:1 or 
He 6S Oi e SOLMe car. 

3) SFC of .39 lb/hp hr versus .49 or 
Deere OGG le OLleri simple meyC re 
engines, 


4) Specific Power of 199 hp-sec/lb com- 








pared to 122 or less for the others. 

5) Considerably lower in specific weight 

and volume than any of the others, 

To achieve the high TIT, the EY 2500 "makes execu eee 
foi im, inpingement and convection cooling of both starter 2eud 
rotor blades in both stages of the high pressure turbine, (21). 
(A more complete description of the LM 2500 is given in Appen- 
dix B)., The IM 2500 is often termed a second generation air- 
craft derivative engine because the aircraft engine (TF 39) 
that it was developed from went into service several years 
mmaeer most of the other aircraft derivative parent engines, 

iiewene big intangiblesthal cam netebe ¢lvecumiimeEne Tavilic 
because it isn't known is how the reliability, as evidenced by 
imiemvime between overnauls, of the IM 2500 will compare with 
the earlier engines, 

imesccameion tosthe description-of wnemi" 25CCgmppendix 
Beatso contains descriptions of a first generation aircraft 
Meminvacive turbine, the Rolls-Royce Olympus TM1 and of a 
feevively recent General Electric heavy duty design, the 
MS 5272R. The MS 5272R is representative of GE heavy duty 
marine gas turbines which are available in power ranges from 


3500 to 4500 HP and from 7500 to 60000+ HP(17). 








65) 
2.3. Areas of Special Interest in Marine Applications 
There are several aspects of marine Sas” turbine. Oe omecwen 
applications that are of particular interest. Among these are 
piermal efficiency and specific powers of the gas turbine en— 
meeves, the method of providing reversing thrust the jer fecre 
meeeude Sea environment on the gas turbines, and the types of 


fuels required by the engines, — 


243.1. Thermal Efficiency and Specific Power Considerations 

wie Overall thermal efficiency of a gas turbine planta: 
peeeecced by several variables, Among these are compressor 
met Lemperature, turbine inlet temperature, compressor 
pressure ratio, pressure losses in the various components and 
meme let and outlet ducting, amount of cooling air required 
Mem turbine, whether the plant is a simple cycié or régenera- 
tive cycle and if cycle complexities such as intercoolers or 
Pemeactvers are used. 

For the ideal simple Brayton cycle (prototype cycle for 
the simple cycle gas turbine) it can be easily shown that the 


ad 
L 


thermal efficiency (assuming a perfect gas,) is pl vem oye: 


a 
Wha rey 


where y is the ratio of specific heats 





and r is the pressure ratio 


This indicates that the thermal efficiency is independens 
Memede tFCurbpDine Inlet temperature for the ideal vevcle, However. 


miteres |! mas turbine cycles, the thermal e€ffictency 2s relavea 








3 
very closely to the turbine inlet temperature as well aS LOeune 
pressure ratio, This 1S primarily true becavse the tacrmet 
efficiency of the gas turbine is greatly effected by the com- 
ponent efficiencies of the compressor and the turbine because 
whe compression work is a large percentage of the turbine work, 
femal) relative variation in these efficiencies cage cau 
effect the output, For each turbine inlet temperature there 
fork be an optimum pressure ratio for thermal efficiency. This 
optimum will vary somewhat depending upon component efficiencies, 
Memces, COOling requirements, etc, 

[Mem une regenerative Brayton cycle sls eensiderca aver 
found that the thermal efficiency is a function of the turbine 
inlet temperature as well as the pressure ratio even for the 
theoretical cycle (22). This is also trie dmerecalevic lece 

EIpcelime WOWEr Lor a) fas turbine 1S derfinedees stile elenc = 
power output divided by the air flow rate and is therefore pro- 
portional to work output of the engine per pound of air. The 
Specific power is an important parameter for at least two 


fPeasoOns. 


1) Higher aaeeleie power means lower air flow for a 
given power which usually means a smaller engine 
(ee ilener Speci te Welle ancmeuvolnines | 

2) Also, for a marine gas turbine in particular, 
une lower air [low means less imleveend exit 


CUetane pressure loss and arrange cincrGapreplens. 


mae Specific power is also a function of most of the same var= 
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maples as the thermal efficiency  butma doc {aden vary with them 
ime the samé manner as does the efficiency lor iis reo coems 
even though forsa given turbine srnlet spenpe rate dic eo eee 
aumoptimum pressure ratio for maximum specrtriempover eu nice 
general will not be the same as for maximum thermal efficiency. 

Before considering thesoverall thermalelbucucic mesa 
specific powers presently attainable by gas turbine engines, 
it is well to consider the present state of component effic- 
mencies, 

Polytropic efficiencies (discussed in Appendix C) are 
mermally used in discussing the state of the art of compressor 
or turbine design. Compressor efficiencies (polytropic) cur- 
rently average approximately 90% in aircraft design (23) and 
perhaps slightly hignereiMeindus tra IMGiesnon Wwigeme. pressure 
free per stage is not as important. Because of the high pres-— 
Mmemratbios used in aircraft engines, there 1s great incentive 
jemoesizgn for higher average stage pressure ratio. Current 
aircraft compressor designs have average stage pressure ratios 
Of about 1.29, whereas their industrial counterparts develop an 
average stage pressure ratio of about 1.12. Most current air- 
Cmait research effort is currently directed at further increas- 
memechis average stage pressure ratio without sacrificing effic- 
Peaey (23). 

migiier diliteulty in foing@ to higher pressure ravaos i7 
eecompressor is that the higher the pressure ratio for which the 


eempressor is designed, the narrower will be the range of stall- 
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free operation (24). At low speed, the first stages of the 
compressor tend to stall first and above design speed the last 
eyaces, Generally, therelare three methods used to prevent 
mane! particularly sat low Speeds durimg Svaruiae, | Aaeieciiece 
Moamolive some kind of decoupling of the first stage from the 
Mest, The simplest is to bleed off air at an intermediate 
stage. Another way is to divide the compressor and its driving 
turbine into two parts so that the RPM of the two parts can 
mmey andependently; several engines use this arrangement. The 
ise method currently used is to employ a means of varying. the 
mele Of the stator blades in the first few stages of the com- 
Peessor., The LM 2500 has variable stator blades in the first 
six stages of its 16 stage axial compressor. 

werrent turbine polyuropre efficiencies appear vowbe at 
least as high as the 90% efficiency of compressors and probably 
Slightly higher, Most turbine development thrust is in attempt- 
miembO develop new higher temperature blade materials and in 
improving blade cooling methods in order to allow higher turbine 
inlet temperatures... Current allowable TIT's with uncooled blades 
are in about 1700° F range, (23, 24). This temperature has in- 
creased at about 20° F per year for the past several years. 
mome, Or the current aircraft engines with aircooled nozzle 
vanes and rotor blades have turbine inlet temperatures of about 
meee- i, GE CF6-6 has TIT of 23009 F, GE TF 39 has TIT of 2300° F 
and Rolls-Royce RB211 has TIT of 22709 F (8). In marine use, 


aircraft engine TIT's are normally reduced as part of the 








Bi. 


marinization to achieve more acceptable time between overhauls. 
For instance, the LM 2500 which has a TIT of 2150° F is derived 
from the TF 39 which has a TIT of 23009 F, In marine use, the 
LIM 2500's TIT of 2150° F is several hundred degrees higher than 
mae other engine currently in use, Most of the other engine 
TIT's range from approximately 17009 F downward as is shown in 
Table 2.2. As was noted earlier, the effect of the IM 2500's 
Seer ly on its reliability is still a question mark. 

Combustion efficiencies approach 100% currently. (23). 
Aircraft-derivative engine combustion system problems primar- 
mepeare concerned with the effects of the heavier distillate 
fuels with.their higher luminosity, higher viscosity and rel- 
atively poorer volatility. Industrial gas turbine engine com- 
bustors may have to be redesigned to provide better cooling 
methods as higher temperatures are sought. (23). 

In regenerative gas turbines thermal effectiveness of the 
regenerator 1s an important parameter. The regenerator is a 
Meat exchanger which utilizes the hot turbine exhaust to neat 
weer OUL Of the compressor prior to its introduction into 
the combustion chamber, the thermal effectiveness is tne racic 
of the heat actually transferred in the heat exchanger to that 
possible to transfer if the exit temperature of the lower 
Capacity rate (product of mass flow rate and specific heat) 
meream reached the inlet temperature of the other stream, i.e. 
in an infinitely large heat exchanger, In general, as the 


thermal effectiveness of the regenerator is increased, the cycle 
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fmermal efficiency 1S inereased,. bubweee  ieremr ak sees Oia me 
mesenerator also increases With effectiveness.) General ptecriric 
recommends a thermal effectiveness of about 80% for its marine 
gas turbines. (17). This can result in the regenerator being 
ace large. in the 20,000 hp GE regenerative planl described 
in Appendix A, the thermal effectiveness is 77.3% and the re- 
generator weight is 112.4 tons with approximate overall dimen- 
Mees Of 12,5 ft. X 12.5 ft. X 15 ft. 

mecturning LO the considerat2zon Of present marine gas eur 
Paies Overall thermal efficiencies; instead of the thermal 
efficiency, the specific fuel consumption (SFC) is often stated. 
fo 1S equivalent to giving the thermal efficiency if the lower 


heating value (LHV) of the fuel is known since: 


“2 2 54 

eS Se a 
where SFC is in lb/hp-hr 
and LHV is in Btu/lbs 


LHV's for distillate fuels are about 18,400 Btu/lbs and 
for residual fuel oils are about 17,500 Btu/lbs, so thermal 
efficiencies can be readily estimated from SFC's and vice versa 
miecae type of fuel is known, 

mnie SFC's, as well as the specific power, for most current 
Marine gas turbine engines is given in Table 2.2, The LM 2500 
memeoe Seen to be considerably better both in fuel consumption 
and specific power as would be expected from its high turbine 


iniet temperature, In terms of thermal efficiencies, the range 





5S) 
is from about 35% for the LM 2500 downward to about 21.3% one 


the AEI 66 with its relatively low TIT and to about 19% for 
the Pratt & Whitney FT 12A-3, a comparatively low power first 


Beneration aero derivative engine. 


moc. Method of Thrust Reversal 
Many methods of providing-thrust reversal have been pro- 
posed, among the most feasible of these schemes are: 
1) using electrical transmission system 
2) using controllable, reversible pitch propellers 
3) using a hydraulic coupling with reversing 
capability 
4) using a reversing reduction gear with friction 
elmupenes 


5) using a reversing gas turbine. 


iie most common method, presently im service, is by the 
use of controllable reversible pitch propellers (CRPP's), 
These propellers are ones in which the blades are separately 
mounted on the hub, each on an axis and in which the pitch of 
the blades can be Gnengedr,, and even reversed, white = (mespro— 
memerer 1S running, by means of an internal mechanism in the 
hub, Tne usual mechanism for changing pitch consists essen- 
tially of hydraulic pistons in the hub acting on crossheads. 
The controllable-pitch propeller can be made almost as 
efficient as the solid, fixed-blade propeller at any particular 


chosen condition, the only difference being in the larger hub 








+0 
needed to house the pitch-changing mechanism. (26), However, 
when the pitch is changed all sections turn through the same 
angle, so that the pitch face is no longer a true helical 
url ace, 

The earliest use of hydraulic activated CRPP's is be- 
lieved to have been in the period of 1934-1937. (72). Escher 
Wyss of Ravenburg, Germany and Karlstods Mehaniska Werstad 
(KaMeWa) of Karlstad, Sweden, both of whom are currently among 
meen leading manufacturers of CRPP's, both started in this time 
period. Other leading manufacturers of CRPP's include Lips N.V. 
Peaeiieaen. In the United States, besides licensees of tne 
aforementioned companies, Baldwin Lima Hamilton (BiH) in con- 
junction with the U.S. Navy has designed and built several CRPP's. 

Currently, it is believed that the highest individual horse- 
power CRPP's in service are about 22,000 horsepower in naval 
ships and about 26,000 horsepower in merchant ships. (3, 27). 
mimetic very near future, however, 30,000 hp LIP's N.V. propellers 
will be in service on both the Euroliner and Canadian DDH, 

The use of an electrical transmission system is certainly 
feasible and has been used in several applications including 
the GTS Auris and the Canadian Coast Guard icebreaker, It is 
generally not used, however, because of relatively poor trans- 
mission efficiency, high weight and volume, and high first cost. 
we). 

The GIS Auris also used hydraulic reversing which was 


deemed to be very effective although problems were experienced 
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Dlants utilize hydraulic couplings (29) and other applications 
have been recently proposed. (30). 

The reversing gear installation in the GTS Callaghan 
(described in Appendix A) seems to have shown the reliability 
peemreasibility of this method, at least up to the power level 
eee 0,000 hp. 

At first glance the use of a reversing gas turbine might 
mppear to be both the most obvious and the most desirable since 
marine steam turbine installations normally have a reversing 
Weane Section and marine diesels are normally of the reversing 
Bype; however, it would add considerable complexity to the de- 
meee of the ges turbine and require extensive development effort. 
iis has not yet been attempted because most non~merine gas tur- 
memes applications do not require this reversing capability and 
miewcergree Of usage in the marine field has not warranted the 
development expenditure. Some development work is proposed on 
Pamewial reversing turbine by General Electric in conjunction 
with Marad, (28); while Rolls-Royce (Bristol Siddely Division) 
has considered a radial reversing turbine in a study for the 
British navy. (20, 31). The work on the radial turbine has 
Deen suspended primarily due to the large size of the turbine 
volute required and also because acceptance of CRPP's removed 
some of the incentive. (32). As far as is known, the GE develop- 


Meme is continuing. 











ao. Ei fects vor ene Sea Env i emmense 

In both the discussion of gas turbine engines and of ship 
installations, mention has been made of specific marinization 
procedures for the engines and sea salt separators in the inlet 
em ducting as steps required by the ocean environment. ~The 
eewey Water in the intake air can effect the engine in several 
ways. it will cause fouling of the compressor blades resulting 
fmmerowered efficiency and reduced power output so that even 
beer Separators, provision must be made for compressor cleaning. 
This is usually accomplished by water washing with periodic 
cleaning with a solid material such as carbo-blast., (33). The 
eert water Will also corrode the compressor blading but this 
can usually be prevented by using the proper blade material, 
Such as titanium, Undoubtedly, the most severe problem asscc- 
meeead with salt water in the engine air is the corrosion of the 
hot section of the engine. At temperatures above about 1550? F 
O@essulfur in the fuel combines with the salt in the air to 
form an extremely corrosive molten slag. This sodium sulfate 
eeeecrecracted oxidation is generally termed sulfidation, Although 
the exact mechanism of the sulfidation is not completely known, 
mere 1S general agreement that reduction of sulfur content 
maecne fuel will not prevent it; it was caiculated that minimal 
amounts of sulfur in the fuel provide more than enough sulfur 
to react with the sodium chloride in the air. (34), There is 
also evidence to suggest that carbon will accelerate the sul- 


fidation possibly by creating momentarily the necessary reducing 








a) 


conditions to penetrate the protective metal oxide film and 


initiate sulfidation, (32). Another feature of this problem 


is that above 1900° F the corrosion is less, indicating that 


the slag has probably vaporized and only normal oxidation is 


occurring. (35). The general approach to coping with this 


problem is as follows: 


1) 


2) 


3) 


Removal of as much salt as possible from the 
inlet air by using separators such as 90 degree 
dueco turns, Jouvers Or Turning vanes jane tie 
inlet ducting. It appears that sea salt part- 
icles over 5 microns will be separated by these 
types of separators and that the concentration 
of particles below 5 microns probably will not 
exceed 0,05 ppm even at highest wind velocity. 
(36). Demistors or knitted mesh made of 
stainless steel or polypropylene have also 

been used successfully at low air velocities 

to remove the salt. (32, 33). 

Development of more corrosion resistant mat- 
erials and coatings for nozzle vanes and blades. 
Addition of chromium to the blade alloys has 
been found beneficial and aluminum diffusion 
coatings have helped considerably. (35). 

Design of carbon reducing fuel nozzles and 


smoke reducing burner cans. (37). 








Also the reduction of metal temperature through oars of 
@eoled blades and nozzles is “helpful, (Pius the clean scoot: 
eae film provided in the. LM 2500 should helo toy sateterar ice 
metal from the corrosive gases. (21). 

Another problem associated with the salt water environ- 
ment is the contamination of the fuel by the salt water, This 
water can normally be removed by a purification system utiliz- 


mae CcOalescent filters. 


2.3.4, Gas Trubine Fuel Requirements 

As gas turbine engines have evolved in two different 
mmrections, so have the fuels required by them. Aircraft gas 
turbines have been designed as light weight, high performance 
machines requiring high-grade fuels while industrial or heavy 
duty gas turbines are normally designed for a wide range of 
fuel types, Aircraft fuels have properties which have been 
Seelecved and compromised to provide long time storage char- 
Beveristics suitable for pumping, filtration, metering and 
atomization at high altitudes and low ambient temperatures 
and good combustion characteristics, These SMES | obese 14 
JP4 and JP5, are distillates differing from commercial diesel 
Seeeurner fuels by having lower freezing points, higher aro- 
matic content, and specified luminosity characteristics, Fuels 
for the industrial turbines are selected largely by economics, 
These fuels are required to be inexpensive and are generally 


impure. In order of importance, the most common are natural 








DS) 
ec, petroleum distillates, refinery and encima plant gases 
and liquids, and residual fuel oil. (38). 

ASTM has recently adopted specifications for gas turbine 
fuels which classify the fuels by four grades and are intended 
to cover the requirements for fuel oils suitable for use in 
Bas turbines excepting gas turbines actually used in aircraft. 
Table 2.3 summarizes the ASTM specifications plus presents 
some commercial and military fuels falling into (hesvericou. 
grades. (38, 76). Most aircraft derivative marine gas turbine 
installations to date have utilized either JP5 or marine diesel, 
However, as mentioned above, the GTS Adm, William M. Callaghan 
has attempted some use of a heavier distillate fuel and intends 
to continue and it is intended that the container ship Euroliner 
Will use a heavy distillate when in service, 

in adapting an aircraft gas turbine to industrial or marine 
Use, it appears that it might be necessary to specify a minimum 
luminometer number for the fuel (indicative of radiation from 
the flame, low luminometer number high radiation) in order to 
assure satisfactory life of the combustion chamber since air- 
craft fuels normally have low radiation characteristics, (38). 
Pemnever, other authorities feel this is generally not neces- 
sary. (20). Other combustion problems encountered in using 
heavy distillates in aircraft derivative turbines include 
Pmeeeion problems, poor combustion efficiency, smoke output 
and burner carboning, (39). The U.S, Navy has run tests on 


a Pratt & Whitney FT4A aircraft derivative gas turbine util- 
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ho 
izing a heavy distillate fuel. (40, 37). In addition to the 
problems already stated, it was found that hot section corro- 
Siou was significantly increased. This is believed to be due 
memtne vanadium (0.5 to 1.5 ppm) in the fuel, It is feltuyaer 
more recently developed coatings and materials can reduce this 
corrosion to an acceptable level for these small concentrations 
of vanadium, 

The burning of residual fuel oils in gas turbines has been 
limited to heavy duty type gas turbines. The biggest problem 
involved in burning a residual fuel in a gas turbine has been 
the fuel oil ash deposition on turbine blading causing deter- 
ioration in performance and most importantly severe corrosion 
of the blading, The principal impurities that are normally in 
residual fuel oils which contribute to the ash formation are 
sodium and vanadium, These elements form compounds during 
combustion (sodium vanadates, vanadium pentoxides) which are 
semi-molten and corrosive at temperatures as low as 11509 F, 
Since all modern gas turbines operate at higher turbine inlet 
temperatures than 1150° F, these elements must be removed or 
somehow prevented from forming the molten ash, 

The interest in the development of a method for burning 
meetaval fuel in gas turbines is not too high among manufact- 
urers at this time, The number of manufacturers actively con- 
cerned in the development of such units has fallen from a peak 
of more than twenty in 1955 to probably less than five at the 


present time. (41). In the United States, General Electric 








+8 
Heavy Duty Gas Turbine department aopears to be tne manufacturer 
most interested in utilizing residual fuel ols im 242) cue emics, 
GE's present fuel treatment system (17) does not appear to be 
Significantly different from that developed in 1955 (42) and 
used on the GTS John Sergeant. (2). The basic fuel treating 
method consists of a water-washing system to remove the sodium 
pmo an additive system for inhibiting the vanadium, 

ime tie Waler-weshing System, Loe tWeie oll 1s Neavee and 
mixed with 5 to 10% water. A small amount (about .025 ver cent) 
Sempemulsion oreaking fluid 1s mixed with the oil just before 
introducing the water to aid in later oil and water separation. 
Mie oll and water mixture is then fed to two centrifuges in 
memes where the water is separated from the fuel; most of the 
water soluble contaminants (including sodium but not vanadium) 
are picked uv by the water and removed from the oil, 

Since most of the vanadium compounds are mostly oil soluble 
and are not removed in the water-washing process, an additive 
femonibit the corrosive effect of the vanadium is added to the 
Tuell immediately prior to being fed to the gas turbine combus- 
tion system, Napnesium base additives (most economical con- 
Sidered to be magnesium Ses) are normally used to form 
megnesium-vanadium compounds during combustion which melt at 
over 2000° F and therefore do not form a corrosive slag in 
present heavy duty machines which have TIT temperatures of 


17009 F or less, 
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For a 2,000 gph fuelwcapaci ty yey deme cd Peoerien plant is 
Supplied as three modules each requiring a deck area of 8 feet 
by 12 feet and a height of 9.5 feet. Estimated weight is about 
5.5 tons. (43). The system is automated except for the mixing 
Sieche magnesium sulfate brine for the additive treatment. 

This method of fuel treatment appears to succeed in allow- 
i@eetvne use of residual fuels in heavy duty gas turbine with 
fmoimal corrosion of the turbine blading at least for TIT's in 
the range of 1350 to 1450° F as evidenced by experience with 
GTS John Sergeant (2) and some land based power plants. (44, 45). 
It appears that the major drawbacks at this time in burning 
residual fuel in heavy duty marine gas turbines are the volume 
mmemveifnt of the fuel treatment system, the water required for 
washing (up to 10% of the oil flow) and the probable high first 
cost (38, 43) of the system. 


we. Cost Considerations 

In considering the costs of marine gas turbine propulsion 
Systems, some consideration must be given to research and devel- 
opment costs, Research and development efforts can generally 
be divided into two areas, general research and development 
efforts without definite specific applications in mind and other 
mere Specific development for a particular application, The 
first type of general research and development cost is usually 
Supported by governmental agencies and by the manufacturer him- 


self whose added costs are reflected in higher equipment prices, 
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The second type of development costs are usually paid by the 
user for whom the specific application is being developed, In 
mee aircraft industry this type of gas turbine engine develop— 
fent program can run to 50 to 200 million dollars per program 
(46), Marine applications can not support this level of devel- 
opment costs but a certain amount of development support is 
available and will be discussed later. The costs for simple 
cycle engines range from about $15/hp to $45/hp (23, 47) and 
up to $75/hp for regenerative cycle engines including the re- 
generator, (43). 

im considering the cost of marine gas turbine insvella=— 
Peons utilizing developed engines, the cost of the engines them- 
selves is not really as significant as the propulsion plant cost 
Emwoemore specifically, the instailed propulsion plant cost. A 
study by Frankel and Simpson (48) comparing diesel, gas turbine 
and steam propulsion plants for single screw merchant ships up 
to about 40,000 shp found installation costs varied considerably. 
The gas turbine plant, because of its relative simplicity, was 
memwna tO have the lowest installation costs over the entire 
power range considered, The results of a more recent study by 
Hempel and Reulein (49) are given in Figure 2.2. Several differ- 
ent merchant ship types were included in this study witn this 
being the average results; the costs of individual plants varied 
by about 5 per cent. The discontinuities at about 40,000 shp 
are due to the change-over to twin shaft plants, These total 


Bistalled costs are for complete propulsion plants including 





Material and labor costs (millions of dollars) 


mG, 2.2 





direct dri 
diesel 


1:6 20 340 60 WIGAC 
Service Rating (107-HP) 


Total Costs of Various Propulsion Plants(49) 
(1969) 
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mirime mOVer and Spare Parvs ly Seamuoemc seo avin and prOpele ae 
(CRPP's for gas turbine plants), intake and exhaust system steam 
and fresh-water treatment plants, power generator, remote con— 
trol and monitoring equipment, This type of study is necessar- 
ily general and detailed studies of a specific application might 
show slightly different costs for the various types of plants 


considered, 








3, FUTURE DEVELOPMENT 


The future of marine gas turbine propulsion is considered 
bye looking at the future development of the engines tnemselves 
and methods of providing reversal of thrust coupled with an 
examination of the suitability of these engines for different 
ship types. Only relatively near future applications (approx- 


imately the next decade) are considered, 


oe «Gas Turbine Engines 

In considering the future development of the gas turbine 
engines, several areas are considered such as the individual 
meponent development, thermal efficiency and specific power 
obtainable thresh the Uli zZeacvion Of dai herent sey Cle comma. 
Meee1OnS, the desirability as well as the probability of heavier 
eee being able to be utllized by the gas turbine, the Tuture 
feemeabality and maintenance requirements and other consideration, 


such as development support. 


3.1.1, Component Development 

moewas Stated in the previous section, compressor effic— 
iencies (polytropic) are on the order of 90% presently and most 
merk, particularly in aircraft engines, is GeyOvce svomaeyc opine 
greater pressure rise per stage while maintaining the present 
Mevel of efficiency. Therefore, it is expected that no more | 


than one to two per centage points rise in efficiency is to be 
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expected in the near future, At the same time it re Serge vied. 
that the attainable compressor pressure ratios of aircraft 
peernes Will continue to rise with perhaps 32: i .pressire 7a 725 
attainable in the next decade. (23). 

Present turbine efficiencies are also in the 90% range 
with approximately the same level of increase expected to per- 
haps 92 to 93% in the future. Turbine inlet temperatures will 
continue to rise both from material development and better 
meeeine techniques, At the present, there appears to be no 
major breakthrough on the horizon in turbine blade material 
development such as somehow using ceramics (24) and sulfidation 
continues to be a problem for marine use; however, it appears 
mies the previous 20° F/year average increase is likely to con-— 
tinue, It appears that with this continued material improvement 
fms the development of advanced cooling techniques, advanced 
mmoingement~convection and transpiration, aircraft turbine inlet 
temperatures will rise to perhaps 2700 to 28009 F by 1980. (23, 
24), But since aero derivative engines are commonly derated for 
marine use by lowering the TIT by 150 to 2009 F, it appears 
that the highest marine gas turbine inlet temperature to be 
expected in the next ten years (even utilizing latest aircraft 
engines) is 2500 to 26509 F, Because of conservative design 
procedures in heavy duty turbines, the TIT's achieved by them 
Will probably be somewhat less. 

mor regenerative cycles which are only practical with 


the lower pressure ratio cycles more common to heavy duty 








ED 
turbines (this is made clear in the next section on possible 
cycle configurations), the continued rise in turbine inlet 
wemperatures will present severe problems in hip Céemperacviure 
@emoact heat exchanger design, In general, there are two Types 
Gmerecenerators used in regenerative gas turbines, One is the 
more usual type of heat exchanger where the hot and cold fluids 
are separated by a fixed wall; this type is often called a 
meemperator, particularly in England. The other is the periodic 
Plow regenerator where heat is alternately exposed to the hot 
Pea@aust gases and to the cooler compressor outlet air. The most 
common type of periodic flow regenerators are rotary regener- 
eors Similar to Lungstrom air preheators. The advantage to be 
peeccved of the rotary regenerator is the possibility of more 
mempact design than with the stationary type. Because of the 
difficulty in sealing the rotary regenerator, to separate the 
meeone air flow, at higher pressure levels, and the complex- 
memes (and usually accompanying lower reliabilities) in the low 
meee rOtation of the large regenerators that would be needed 
aiommerine propulsion plants, it is considered unlikely that 
rotary regenerators will be used, Much work has been done in 
developing compact stationary heat exchanger designs for re- 
generators (50), but even these "compact" regenerators are 
quite heavy and bulky for marine propulsion power levels, 

These compact heat exchangers, normally with relatively thin 
walled plate and fin construction, experience severe thermal 


stresses when used with the high temperature gases which result 
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in reduced reliability. Also the flow passages are small, re- 
aoecane in foulingsproblems, Because ef tne: ticwnal ace 
problems, the most optimistic prediction of allowed heat ex- 
emeanger entry temperature in the nearfuture does not excecd 
about 14509 F (51) corresponding to approximately a 2500° F 
TIT at optimum (SFC) pressure ratio for a regenerative cycle. 
femy authorities in gas turbine and marine engineering fieid 
(46) appear to feel that TIT's in the 2300 - 2400° F range for 
regenerative gas turbines is somewhat optimistic and would 
fevoe Serious maintenance problems, It is felt that on the 
mers Of this, plus the fact that heavy duty turbines tend to 
be designed more conservatively anyhow to achieve long service 
mone. that TIT's for regenerative gas turbines will probably 
not be pushed above 2400° F in the next decade, 

Regenerator effectiveness values will probably lie in the 
70 to 90% range with much of the development work going to try 
to reduce the size and weight of the heat exchangers for a 


given effectiveness in the present temperature ranges. (46). 


3.1.2. Thermal Efficiency and Specific Power 

The thermal efficiency bvesides being a function of the 
allowable turbine inlet temperature (and the cooling losses 
required to obtain it), the component efficiencies, various 
duct and combustor pressure losses, and the compressor pressure 
Patio 1s also greatly effected by the cycle configuration. The 


"wo basic open cycle configurations are the simple cycle and 








eM 


the regenerative cycle each of which may be furtner complicated 
by the use of compressor intercoolers and/or turbine reheaters. 
Mmamacdi1tion to these gas turbine cycles.) varrvovssmeriodsscr 
combining gas turbine cycles with vapor turbine cycles (prin- 
cipally steam) have been proposed. The most common combined 
cycle utilizes the gas turbine exhaust in an unfired boiler 
memsenerate the vapor used in a simple Rankine cycle. The 
vapor turbine may be on the same shaft as the gas turbine 
power turbine or may be geared to it. 

meveralestudites have been Carried Ouu vO devermine eieuma. 
meerctency and specific power as functions of turbine inlet 
temperature for the cycle configurations described above. (23, 
52, 53, 54, 55, 56).°- These studies differ as to what cycles 
are chosen and as to what values for the various parameters 
given Bove are assumed, Among the more interesting results 
are those given by Robson, et. al. (23) for simple and regener- 
@tuive cycles and combined gas turbine and steam cycles, and 
those given by Bindon and Carmichael (55) for combined gas tur- 
me and vapor cycles. Some results from these studies are 
given in Figure 3.1 through 3.4 with principal parameter assump- 
rons of each study given in Table 3.1. 

ae performance characteristics of simple cycle fas tur— 
bines with turbine inlet temperatures, pressure ratios and 
component efficiencies, with appropriate cooling and pressure 
mueocs, in the range of those probable in the near future are 


given in Figs, 3.1 (23). Some points that can be made from 
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TABLE 3.1 Assumptions and Data Used in Cycle Performance 


Calculations, 
Bindon & Robson, 
ao lurbine Cycle Carmichael et al 
Compressor efficiency(polytropic) 0.90 0,92 
Turbine efficiency(polytropic) 0.90 0,91 
Combustion efficiency 0.985 LO 
Regenerator effectiveness On varied 
Total pressure losses 
Simple cycle O70 - 
bemenerative cycle Oe) = 
Combined cycle One = 
Vapor Turbine Cycle 
Turbine efficiency O35 - 
feed Pump efficiency O20 - 
Condenser temperature Omen - 


-R,21 max, temperature 300 F - 


at 
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FIG, 3.4 Estimated Performance of Simple Gas Turbine, 
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examination of these results are: 


i 


2) 


5) 


4) 


5) 


Por a given TITS opuimum pressure vraviomeen 
maximum specific power is mucn lower than 
Chat for maximum thermal efficiency. 

At turbine inlet  lempseratiivecwimac me jamce 
under CONnGd@eraclon . tmcreasd moan | pi-ee 
duces only a small rise in thermal effic- 
iency (at optimum PR) because of cooling 
Mosses primarily, NWowever increasine iim 
Meoaunces a Very barge iwnerease Iie spccimac 
power (especially at the optimum P& for 
maximum specific power). 

If the compressor bleed air for turbine 
COOLING WEYEEEC "DeNC OO LComOyaS ONlomeme: cae. 
nal means, a gain in efficiency and 
Specific power could be realized. 

Pere jie lso ives an Indi cavdemeo: 
what could be achieved if uncooled blades 
could be operated at these high temper-— 
atures, but as stated eros, tags Ws 
foteiy Inproosble ay lies Oresceavile Turure: 
It can be seen that the present best per- 
forming marine gas turbine, the LM 2500 
Cae 2 oOo Pa] Foro) lc moper aun 
at approximately optimum PR for maximum 


specific power but far below that for 











maximum thermal efficiency, Apparently 
this is the result of removine "ties coe 
fan of the TF39 (LM 2500 parent engine) 
wich reduced she overalls Ph Saou cme 
nearly optimum 26 to the 16.8 given above. 

6) From Figure 3.1 for the probable expected 
component performance given in the pre- 
vious section, it is estimated that the 
aircraft derivative simple cycle marine 
gas turbine (TIT = 2600° F, PR = 32) 
can be expected to reach a maximum thermal 
efficiency of about 38% at a specific power 
of about 240 SHP/LB/sec. At a slightly 
lower PR, the specific power would be in- 
creased Significantly with only small de- 
crease in efficiency. 

7) Heavy duty simple cycle engines will have 
efficiencies and specific powers somewhat 
less due to a probable lower TIT coupled 


with a lower PR, 


Regenerative cycle performance characteristics with thermal 
effectiveness values of 70%, 80%, and 90% are given in Figure 
3.2 (23). It can be seen from the figure that the optimum PR 
merecpnermal efficiency for a given TIT is much lower than that 
for a simple cycle, From this it can be seen why aircraft 


derivative turbines witn their high pressure ratios are not 
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lgkely to be fitted with regenerators. As far as ane Jake dy 
Mmewrormance Ol a regenerative cycle gas Turbinewim tacit 
if a TIT of about 24009 F is assumed, then a maximum efficiency 
of about 41% (at a PR of about 10) can be expected for a reason- 
able size regenerator with an effectiveness of 80%, The specific 
power for this condition would be about 240 SHP/LB/sec. Note 
the specific power can be increased only slightly by changing 
the pressure ratio (in this case increasing it as opposed to 
decreasing it in the simple cycle case). Because of the in- 
Greased pressure losses in the regenerator, the work per pound 
of air and therefore specific power will be slightly less for 
peeeceencrative cycle than for a simple cycle even though the 
efficiency iS increased for the same cycle conditions, 

mide other cycle configuration to be discussed 1s the com-— 
mead cycle in the form of a gas turbine exhausting into an 
Merared boiler where the vapor is generated for a vapor engine 
operating on the Rankine cycle, Figure 3.3 (23) gives the 
estimated performance for a simple cycle gas turbine combined 
with a steam cycle, while Figure 3.4 (55) is for a simple cycle 
gas turbine combined with a Refrigerant 21 cycle. Note that 
une steam cycle in Figure 3.3 is a high pressure reheat plant 
with a high efficiency, 38.8%. The R-21 cycle has a lower 
efficiency, Figure 3.3 indicates the possibility of about 50% 
thermal efficiency for a TIT of 2600° F in the gas turbine and 
Specific powers on the order of 375 HP/LB/sec, Marine steam 


turbine installations would most likely not be of this high 





Ob 
per iciency, Nigh pressure srenearp desi fn and therefore the effi- 
Giencies and specific powers would be somewnat lower. eon 
shown in Figure 3.4 which are for lower TIT's than are to be 
expected in the future indicate that a gain in maximum effi- 
ciency of about 10% over a regenerative cycle and about 30% 
over a simple cycle are possible, Also that gains in maximum 
specific power of up to about 30% over both the simple and 
regenerative cycles can be obtained, (55). It appears danger- 
ous to attempt to extrapolate these percentages to higher TIT's 
Pmoeaitferent cycle conditions, but they give an indication of 
the improvement in both efficiency and specific powers of gas 
Meeorne engines using combined cycles. If these percentage 
improvements were achieved over the expected future performance 
of the simple cycle plant, it would result in a thermal effic- 
jency of approximately 49% and a specific power of about 310 
hp/lb/sec. Another interesting aspect of the study by Bindon 
and Carmichael (55) is the very substantial reduction in vapor 
turbine size for Same power output possible using a working 
fluid such as Refrigerant 21 instead of steam. The R21 turbine 
memed have much smaller diameter plus fewer stages than the 
Svecam turbine. 

There are many other cycle perturbations that could be 
considered such as the use of compressor intercoolers or tur- 
bine reheaters in combination with each of the above cycles 
but to keep space and weight requirements down and to achieve 


tne reliability necessary for a marine vropulsion plant it is 
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douotful if these added complexities will be incorporated in 


mey Dlants and will not be considered Here, 


ie >. Fuels 
in considering what fuels are likely vo ube used in mai 
Seemeeuroines of the future, at least three seemingly diverse 
but interrelated questions arise: — 
1) What fuels will future gas turbines be able 
Lo. bwin? 
2) What fuels will be available (and at what 
price) for the future gas turbine? 
3) What fuels will the gas turbine be allowed 


tO burn DY Wer1o0us pollutionmresu lations: 


ime GQevelopmenvl CliGrs 1S CUrrenthy DelMeeen rec cumee ara 
the utilization of heavy distillate fuels in aircraft deriva- 
meeemarine gas turbines, Part of this effort is a result of 
the U.S. Navy's decision to go to a multipurpose distillate 
fuel for use in boilers, diesel engines and gas turbines. (40). 
Mempemeresuit Of this effort, the present aircraft derivative 
turbine will probably be able to operate on heavy distillates 
With acceptable reliability and maintenance costs in the very 
Meer iluture, However, it 1s also most probable that because 
eee the special requirements placed on aircraft fuels, as 
mentioned in Section 2.3.4., that new eircraft engines devel- 
Seeee Will continue to utilize the light distillate fuels in 


aircraft service. This means that conversion of these engines 








On 
to heavy distillate use will remain part of the AA Bete. or 
mimeocess and will continue to require extensive eiflory si iacane 
fmeecor design and development of suitable turbine) blade mace. 
jals and/or coatings as the turbine inlet temperatures of 
maese engines continue to rise. It does appear highly undixely 
mime cither present aircraft derivative engines or future ones 
will ever be adapted to utilize residual fuels, Even if the 
Bemerosive ash deposition problems were to be overcome somehow, 
edie much higher emissivity of the residual-oil flame would 
require very extensive changes in the aircraft engine combus- 
tion system, 

whe current interest of heawy duty cas Curbine manufacc— 
urers in the development of residual-oil burning gas turbines 
appears to be at a rather low ebb. (Section 2.3.4.), The 
present method of pre-treatment of the residual fuel by water 
washing together with the addition of corrosion inhibiting 
additives while apparently the only feasible method (and some 
feel that it is not feasible (46)), has several drawbacks as 
MmeeeeoxDlained previously. However, present research work 2% 
being conducted toward reducing the need for a major portion 
of the pre-treatment, and toward corrosion and deposition 
reduction, (46, 57). The exact nature of this work or what 
G@epree of success has been achieved is not available at this 
time, It appears likely that for the next several years at 
least, the rather extensive pre-treatment will continue to be 


required to utilize residual fuels in marine gas turbines. 
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The question of what fuels will be available in Ene i MiGiliiee 
and at what prices appears to be a very complex one and gives 
rise to several divergent views. (46). By the development work 
that some gas turbine manufacturers and the U.S. Maritime Admin- 
istration (MARAD) (46, 57), are doing on residual burning gas 
turbines and by the continued development of residual-o1il burn- 
ieeemarine diesel engines, it appears likely that residual—oil 
fees Will continue to be available at least for the next sev-— 
mea years, As for the relative prices of distillate and re- 
meet fuels, there is evidence to indicate that as fuel prices 
maencontinued to rise in recent years, the differential between 
diesel fuels and residual-o1il fuels has remained approximately 
Memectant, resulting in the ratio of diesel fuel cost to residual-— 
oil fuel cost decreasing. (12, 46, 58). The heavy distillate 
GOSt is intermediate between the diesel and residual, The pre- 
wemeecar1esel fuel cost to residual fuel cost ratio has decreased 
Pemapproximately 1.5:1, with indications that this ratio will 
further decrease, (12, 58). A continuation of the decrease in 
this ratio may reduce the effort to develop residual fuel burn- 
Piemeneines, 

As for the pollution question, this is so loaded with 
Pomrobical and emotional considerations that it will not be 
considered at length here, It should be noted that land-—based 
power plants in many countries operate under increasingly 
Seriecy pollution controls but what effect these kinds of con- 
trols will have on utilizing heavy fuels in marine power plants 


Mm) Still largely unknown, 








3.1.4, Maintenance and Reliability 

Any attempt to assign mean time between failure (MTBF) 
values (as used in usual reliability analysis) for gas turbines 
in marine propulsion application appears to be questionable 
Beeause the number of operating hours of these engines in this 
usage is not great enough at this time to be of statistical 
significance. Instead, one can consider specific applications 
where data 1s available, the manufacturer's predicted relia- 
bility and maintenance requirements and the performance in 
eurer applications. 

The aircraft derivative gas turbines and the heavy duty 
gas turbines snould be considered separately since the relia- 
bility and maintenance philosophies for these engines appear 
Wowaliiter considerably as has been pointed out earlier. The 
mererait derivative gas turbine is light and compact and in 
mencral is designed for a comparatively shorter life for the 
critical thot section' components of the engine. For marine 
installations this type engine therefore usually is designed 
for rapid complete replacement of these parts by replacing the 
Saioire gas senerator section which is then overhauled in a 
Shore-based installation. On the other hand, the heavy duty 
gas turbines are normally specifically designed for long 
lifetimes, resulting in larger, heavier engines which are 
designed to be repaired in place, 

One specific application of an aircraft derivative gas 


turbine for which reliability and maintenance data in the form 
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of time between overhauls (TBO), which as stated above for this 
type turbine implies gas generator changeout, is frequently 
quoted (46) is in the GTS Adm, William M, Callaghan. (This 
meaballation has been mentioned several times carlier and is 
more fully described in Appendix A.) Of the first two engines, 
FT4A-2's, installed in Callaghan, one gas generator was removed 
peewer 3,375 hours of operation-for planned inspection because 
of the new application. As a mer: Of this Imseecrienrunc 
other gas generator was not removed until after 5,018 hours of 
Operation, The second gas generator changeout was not planned 
and was the result of a fuel manifold leak which caused damage 
to the combustor section, (10). Both of these changeouts were 
accomplished rapidly (neither exceeded 40 hours) and further 
design changes were made to the installation to further facil- 
itate gas generator changeout. Other changeouts have occurred 
Since then but some were due to attempts to utilize heavy dis- 
tillate fuels and also one FT4YA-2 was completely replaced by a 
IM 2500, (46). The operators of the Callaghan (10) feel that 
a TBO of 8,000 hours is not unreasonable in the near future. 
This is with operation on marine diesel duel with the gas tur- 
bine operating at normal rating as given in Table 2,2, 

Considering heavy duty gas turbine installations, a GE 

Meavy duty engine in the GTS John Sergeant operated for 9,270 
memes ON residual fuel. Examination of the critical hot parts 
of the gas turbine unit after this 9,270 hours of operation 


showed no repairs or replacements required. (2). It should 
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be noted, however, that this was several years ago aaa the en- 
gine had a TIT of only 1450° F, considerably below that of 
present heavy duty gas turbine design. 

Gas turbines installed in fast patrol craft have exhibited 
meermLver TBO's because of the more severe operating conditions. 
[aman example of this, the expected TBO for the Proteus engines 
in the British Navy Brave-class patrol boats has only recently 
been extended to 2,000 hours. (32). 

Ws pernaps typical of predictions of an aircraft deriva-— 
imee CLype gas turbine manufacturer Pratt & Whitney predicts, 
for the FT4 type engine, TBO's of 12,000 hours by about 1972 
and increasing to 16,000 hours by 1980. (59). For any newly 
g@eveloped engines it is expected that the TBO will start at a 
low level and progress upward as has usually been the case in 
aircraft service. (59, 60). The above predictions are for a 
sarese! fuel or lighter distillate and it is not known how much 
they would change for a heavier distillate fuel. 

in addition to the gas generator changeouts discussed 
peeve, Other more minor maintenance work is usually required 
for the aircraft derivative engine Consisting pmeimarily eT 
Inspections and water washings, The most significant inspect- 
ion is the hot section inspection which, for the FT4, Pratt & 
Whitney estimates requires three men and a total of 12.5 man 
mers. tt 1S to be accomplished about every 2,000 hours 
Meesently. This is expected to increase to every 4,000 hours 


by 1980. (59). 
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For the heavy duty gas turbine General Electric estimates 
that overhauls will be required about every 24,000 hours for 
Merine applications in the 20,000 to 30,000 shop range Operaving 
Samcreated residual fuels. (17). This overhaul is to be con— 
m@muened in place and consists primarily of replacing combustion 
Mmeers and transition pieces, replacing first and second stage 
merbine nozzles, inspection and repair of first stage turbine 
buckets and inspection of compressor blading and bearings, It 
is estimated to require about 450 man hours, In addition to 
overhauls, there are also other normal maintenance actions re- 
ered, the most significant of which is the replacement of com- 
meseuren liners and transition pieces and of first stage turbine 
nozzles at 12,000 hours, This action requires an estimated 90 
Seeeoeurs, After service experience is gained with a specific 
maeoallation, the overhaul period can be adjusted consistent 
with demands of the installation to a high of about 30,000 hours 
and after the first year the intermediate action described above 
can be eliminated. (17). No significant change in these estim- 
pee 15 expected in the next few years. 

The manufacturers estimates are based primarily on exper- 
ience in land-based industrial applications such as electrical 
power generation, pipeline pumping and etc, with limited marine 
Peopulsion experience factored in. This is true for both air- 


craft derivative and heavy duty gas turbines. 





(3. 
bet. 5. Development Support 

It appears rather clear that marine applications 2reuzer 
able to support developments of propulsion engines on the same 
scale as aircraft applications $50 to $200 million per program. 
(46), Therefore, the lead in gas turbine engine development 
mel continue to rest with the aircraft industry and much marine 
development effort will be directed toward marinizing these 
@eeries including provisions for the burning of heavier iuels. 
The heavy duty gas turbine manufacturers will apply the advances 
Or aircraft engine technology where deemed applicable such as 
memmaverials development, but most of the development support 
tor the heavy duty gas turbine industry will continue to come 
from land-based applications such as power generation, com-- 
meessor prime movers, gas line pumping units, and etc. These 
feeey duty gas turbines will also require development support, 
although probably a lesser degree than the aircraft engines, 
bommake them suitable for marine use, 

Most of the marine gas turbine development support in the 
past has come from governmental agencies, either various navies 
or maritime agencies. This support has come primarily from the 
United States and England, (Russian gas turbines are not in- 
cluded in this discussion since so little is known of them. ) 
This governmental support is likely to be about the only mar- 
inization support in the future too since the number of come 
mercial marine applications is still extremely small. 


One result of this is that although one can find several 
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aircraft gas turbines tnat would appear to be a ieut candi- 
mes for marinizabion their actualsconversioggior marmimesicc 
mi continue to be slow, In other words, the potential marker 
just does not exist that would justify the manufacturers taking 
the risk of marinizing these engines on their own, This type 
@aeproblem is not as great with heavy duty turbines since the 
marinization is not as great. However, special marine develop- 
mmc eiforts eee a reversing turbine, shipdoard residual 
mel treatment methods, etc, will have to continue to be support- 
ed by an agency such as MARAD at least for the next several years. 

im view of the above, it appears reasonable to examine 
Drietly what type of marinization efforts the above agencies are 
imkeely to support in the future, 

The British navy appears to be rather firmly committed to 
Semeeroatt derivative type gas turbines for propulsion purposes 
(31, 32) so their development support will likely be in this 
Seeecelon, and because it is governmental support it will most 
mimely ¢-o to a British firm, Rolls-Royce. 

The U.S. Maritime Administration (MARAD) will probably 
continue support of heavy duty gas turbine development for 
marine purposes as it has in the past (57) although this may 
Change as the result of &@ marine propulsion study currently 
Seine conducted for them. 

The U.S. Navy's development efforts appear to be directed 
toward development of a number of aircraft derivative gas tur- 


bine modules comparable in performance and specific weight and 








| 1) 
volume to the IM 2500, (21, 46). This would allow the needs 
er small, intermediate and large Ships to be met by a commen 
family of gas turbine engines whose lower power range would 
allow them to double as ships service generator drives as well 
as propulsion units. (21). Currently, it appears that the 
development of one of these modules in the 4,000 hp range is 
underway. (46). 

The relatively few sources of support available for marine 
Bas turbine development indicates that the actual number of 
different models of gas turbines available for marine propul- 


Sion will continue to be small in the foreseeable future. 


Bre. Reversing Capability 

As was discussed in Section 2.3.2., the method of pro- 
meoine for thrust reversal in a marine propulsion application 
Meelizing the uni-directional gas turbine is a serious consid- 
fueron. lhe means most often utilized for providing the thrust 
maeerscal in the past has been by the use of controllable, revers- 
ible pitch propellers as previously discussed, It appears likely 
that this will continue to be the primary method in the future 
enough there are certain problems connected with the use of 
Mert’ s, particularly for larger horsepower applications. 

For hydrodynamic considerations it becomes necessary to 
increase the propeller blade area as power requirements are 
Meercascd, CRPP's are limited in the size of blades that can 


be used by the clearance required to allow the blades to pass 
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pach other satisfactorily in reversing piven es is estimated 
that the maximum expanded area ratio allowable for a 5-bladed 
GRPP is about 0.8 for no blade interference when reversing 
Reeeha lt is slightly less for a greater number of biladecwand 
mere for less blades. This together with dlamevter and rpm 
monsiderations appear to limit the horsepower per CRPP for ships 
mummies Cestroyer, destroyer escort size range to the region of 
MO,000 to 50,000 SHP. (27). For larger ships with correspond- 
maoty larger allowable propeller diameters, the horsepower limit 
Meeereacter, For instance, Lips N.V., who are furnishing the 
Marr's for the 30,000 hp per shaft Canadian DDH and for the 
30,000 to 05,006 GD Per seal tetace Uri dees PONcwed sca icc 
container ships, feel that 60,000 hp CRPP's for container ships 
are feasible in the near future. (11). 

In addition to the hydrodynamic problems associated with 
higher powers in CRPP's, the hydraulic-mechanical pitch changing 
meegeanism in the hub of these propellers is faced with higher 
mergue requirements both in maintaining and changing blade 
Becen under load. These higher torque requirements together 
mound the requirement to keep the diameter and length of the hub 
small both for hydrodynamic and weight reasons leads to higher 
Mecien stresses in the metals and to higher hydraulic pressures 
with their associated sealing problems. These problems together 
With the hydrodynamically influenced push for smaller blade 
Clearances at zero pitch make the reliability of these higher 


power level CRPP's questionable, and they are vet to be proven 








foie 
i Service. 

The 30,000 hpwebips GRPP ‘sewild soommbe Im ssery1 ce vouseie 
DDH 280 and the Sea Train Euroliner and the U.S, Navy appears 
committed to 40,000 hp CRPP's on the DD963 class so that service 
experience on these higher power level CRPP's will become avail- 
Bble in the next few years. In summary then, indications are 
maevech’P's witn acceptable reliability will be available in 
the near future for destroyer/frigate type ships in power levels 
up to 40,000 ~ 50,000 shp range and for larger ships in power 
levels up to and somewhat greater than 60,000 shp. 

Pomucidering other methods of thrust reversal, the use of 
mewersing reduction gears appears to be the next most likely 
method to be employed in the future, The installation in the 
Bemtoachan of reversing reduction gears with friction clutches 
has apparently given satisfactory reliable service with some 
miner design modifications. (10, 61). The friction clutches 
meeemernerentiy experience wear in service, particularily in the 
Callaghan application where low speed maneuvering is accom- 
meeoncd by slipping the clutches, However, the expected life 
femme Ciutches is rather long, approximately six to eight 
years estimated for Callaghan. (10). The energy dissipation 
mBequared for reversing reduction gears could also be handled 
by fiuid couplings. These would be a relatively higher cost 
component than friction clutches requiring pumps, coolers, 
meping, etc., but would not be expected to be replaced during 


tne ship's lifetime. (17). 
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As mentioned before, electrical transmission 1S present 
feasible but not often used because of its relatively high 
feeeonit, Size, high cost and low efficiency, ine vse ot Supe 
Conductors in the electrical machines would greatly reduce the 
Size and weight problems but this development will probably not 
appear for several years. 

Another method possible is to use a hydrodynamic reversal 
torque converter, (30). During ahead motion, a hydraulic coup- 
meee transmits power of the gas turbine to a gear box while the 
m_meeetion of rotation is reversed in the reversing converter. 
‘The transmission system is controlled by filling and emptying 
memeerie hydraulic circuits, the coupling being filled for ahead 
motion with the converter being empty and vice versa for astern 
motion, 

ne last method is to modify the gas turbine itself to 
provide reversing. In August, 1970, MARAD entered into an 8 
foerion dollar, 5-year cost sharing contract with General Elec- 
meee tor the refinement of industrial gas turbines for ship- 
board use. (57). One of the specific development areas is in 
reversing techniques, among which is to be the continued devel- 


@erent Of a reversing axial flow gas turbine. 


wee ohip Applications 
Naval warship and merchant ship applications of gas turbine 
propulsion will be considered separately because the differences 


in operating profiles and design and effectiveness considera- 
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mons are normally quite different, Navalvsvppory orvauc7 rem) 
Banos such as oilers and other types of i feet replenisincige 
sels are similar to merchant ships in operating profile and many 
design considerations. It is generally agreed that unconvention-. 
al craft such as hydrofoils or hover craft will continue to re- 
quire the light weight, high power propulsion plants which can 
only be satisfied by utilization of aircraft derivative gas tur- 


bines so no further consideration of these vessels will be made. 


3.3.1. Naval Warships 

| The usual operating profile as previously described for 
Meme! warships is normal cruising at low speeds for long periods 
of time with periodic high speeds of relatively short duration 
required, This profile led to the combined plant concept wnere 
one type of propulsion prime mover is chosen to supply the base 
load or cruising power and another prime mover of a different 
type or as in the case of a COGOG plant of the same type but 
With higher output is chosen to supply 'boost! power, As dis- 
Biiesed in Section 2.1., the majority of marine gas turbine 
propulsion horsepower is presently utilized as boost power in 
Bemoined plants. Also, most of the gas turbines utilized in 
this application are of the aircraft derivative type. There 
appears to be rather general agreement (46) that elmost all 
future non-nuclear warships will utilize aircraft derivative 
gas turbines for 'boost! propulsion. The biggest question 


seems to be concerned with how base load power will be pro- 
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vided, 

In discussing the gas turbine as a possible base load pow- 
er source, further discussion of some of the warship design and 
effectiveness considerations referred to above is in order, 

Practically all modern warships are volume limited Shaps; 
not weight limited. This means that in the normal preliminary 
Mesien of a warship, the PUIrSt Step acto aL cemp a oO miminaGl Space 
mer everything. Furthermore, the volume required can not be 
just any volume, it is actually more descriptive to talk in 
terms of deck area required such as in berthing and messing 
- Spaces for crew members, all of the various plotting rooms and 
Electronic equipment spaces, and etc, What this means is that 
the amount of space and more particularly the type of space re- 
ered by the propulsion system including endurance fuel becomes 
very important. Often by utilizing an aircraft derivative gas 
turbine for the base load power plant it becomes bossible, be- 
Cause of the relatively low height requirements of enerant 
derivative gas turbines in Particular, to put another compart-~ 
ment over the top of the engine room (in comparison to Comper 
ing prime movers ), gaining some very valuable deck area, This 
1S one place where increased specific power is important, to 
assure that the gained deck area is not taken up by inlet and 
exhaust ducting, 

Another consideration is that even if a competing plant 
has a better SISO Clie Gee) Consumption so that the total vol- 


ume required by the gas turbine plus endurance fuel is greater 





enn 
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mian for the competing plant, mueh of the gas furore piagi 
Space requirments will be for fuel storage which is rather low 
arorth" eine that™ris not much geod for anyemme ciscmas 17 
mae turn of the bilges, etc. An additional advantage in this 
@aoc is that by the gas turbine plant requiring a larger amount 
mmc)! for the specified endurance, the ‘boost’ plant will have 
eeereater endurance, 

Some additional attributes of the gas turbine which are 
rather important effectiveness parameters for a warship prcpul- 


eon Plant are: 


immecne Guick startup Capability 

2) the relative ease of automation 

3) the possibility of high reliability because 
of relatively few auxilliaries 

4) high ship availability for the aero deriv- 
avive oweec UULilaine Pas sencravor Ciuanve. 


Ovulus. 


If one factors in the additional advantages of crew train- 
@eeemmeeossible Spares interchangability, etc., 1t becomes pos— 
Sible to understand why tne Canadian DDH and the British Type 
mee and Type 21 frigate as well as the U.S. DD 963 are all 
gas turbine piants even with the relative poor thermal Crile — 
gency of first generation aircraft derivative gas turbines 
available. (The DD 963, even though now planning to use the 
IM 2500 with considerably better efficiency than the first 


Beneration engines, was not designed specifically for it, ) 
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It appears from these considerations that as tne reliabil- 
me Ol the second generation aero derivative eae turbines sare 
proven and as comparable lower power level engines pvecome avail- 
mee fOr low power base load and ship Service generator prame 
movers that almost all non-nuclear warships of the future will 
be built with all aero derivative gas turbine propulsion plants. 
Whether the plant will be COGOG or if all the gas turbines will 
be of the same Sores level will depend to a large extent upon 
the relative base and boost load requirements as weil as on the 
meme toad efficiency of the future gas turbines, It does not 
‘appear that the ability of the heavy duty gas turbine to utilize 
residual fuel oil will be a factor in warship propulsion con- 
eaa@erations because reliability gained by burning the distillate 
PuelS appears to be more important than the savings to be real- 
mea in using the residual oil. This is evidenced by the U.5S. 
Navy's decision to use a multi-purpose distillate fuel even in 


boilers, 


meee, Merchant Vessels 

meropulsion plant Considerations are quite different for 
merchant vessels than for naval ships. For merchant vessels 
the consideration becomes much more of an economic one than 
With a warship. This is not to imply that economic asvects 
are not also very important in warship propulsion plant sel- 
eevion, but in the warship case there are also many factors 


which relate to the mission effectiveness of the warship. A 
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mMesirable Warsnip eifecliveness fac Gm mmaen example, is pale 
feaek starting capability Gf the gas (emreine Where as ome 
Merchant vessel it is normally not very important. “in the mere 
chant vessel case its "mission" is normally to make a profit 
fmerne operator so the factors which relate to. the “mission 
Berectiveness are necessarily economic ones primarily relating 
memoperating costs or acquisition costs. 

There have been a number of papers published in recent 
memes On the use of gas turbines for merchant ship propulsion. 
me, 43, 49, 53, 60, 63, 64). Of these, the study done by 
Hempel’ and Reulein (49) is one of the most recent and also one 
of the most comprehensive, 

ims Study consists of economic comparisons of gas turibane, 
Meesel and steam plants for a number of different ship types, 
both volume and weight limited, over a wide range of displace- 
ments and service speeds, Two of the principal results of this 


economic comparison are that: 


1) The aircraft derivative gas turbine with an 
SFC of about 0.40 lb/hp/hr (comparable to 
IM 2500 performance) is superior to the 
euner plants for general cargo ships and 
smaller container vessels with power re- 
Gueremnents bediow 203g 0 ip. 

2) The regenerative heavy duty gas turbine 
(with intercooler) having an SFC of about 


0.42 lb/hp/hr is competitive with the other 








plants for all. the types of. suas cen 
Sidered particularily in) the ai ehersoae 


range. 


The conduct of such a broad study involving so many dif- 
Berent ship types and propulsion plant concepts necessarily 
requires the making of a large number of assumptions in order 
moreenerate quantitive results, Therefore, it appears that the 
mervant results are not that the gas turbine is Superior over 
mies Or that power range for some particular ship type but in- 
eed that over all of the power ranges for all the ship types 
menmoiagered, the two types of gas turbine plants described above 
meee relatively close to the other plants in terms of economic 
meeeormance, In other words, even for the ship types or power 
ranges for which both gas turbine plants appeared to involve 
mmercr freight costs, the costs were close enough so that some 
@meanges in manning level requirements, using a heavy distillate 
@epewea, Of marine diesel in the aircraft type engine, higher 
availability assumption for gas turbine plants and possible 
other minor assumption changes would be enough to make the gas 
murpine plant superior in performance, What this means then 
is that the gas turbine plants of the types described above 
mee au che point today where they should not just arbitrarily 
Be ruled out as propulsion plants, instead they should be 
Carefully considered in almost all cases with particular design 
consideration being given to utilizing the special features of 


the gas turbine, An example of this is in the Sea Train con- 
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Mainer Ships PrevlOuUs Py smMenl 1 Oned ee ones 23,000 d.u.t, 
ships will have propulsion horsepower exceeding 60,000 shp 
each with service speeds in excess of 25 knots and will uti- 
lize first generation aero-derivative marine gas turbines, 
Pratt & Whitney FT4A-12's, From Hempel and Reulein's study it 
mec appear for this type of ship, its size and speed, that 
fi ot the other competing propulsion plants would be better 
Suited particularly with the FTHA-12's relatively high fuel con- 
mmpooton,. But apparently, detailed studies for this particular 
application show that by achieving a Significant reduction in 
Meaning utilizing a general purpose crew, by considering the 
higher availability possible with the expected reliability and 
low shipboard maintenance requirements of the FT4t engine, and by 
Sea lower cost heavy distillate fuel, the simple cycle air- 
craft derivative gas turbine plant is the best choice... (12). 
foes indicates that gas turbine plants are competitive enough 
Mme Ouner plants to justify detailed studies for individual 
Boplications in most cases, 

iecsently, one problem in uSing aircraft derivative gas 
turbines for propulsion purposes is that the engines are not 
available in a continuous range of powers, particularly better 
PertOrming second generation engines, This situation is expect- 
€d to improve in the near future primarily due to naval develop- 
ment efforts, Another development expected in the very near 
future tnat will make the aircraft derivative engines more de- 
meeaole for merchant shiv propulsion is the demonstration of the 


second generation engine's reliability on a heavy distillate. (46) 
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The use of a combined gas turbine and vapor engine cycle 
is not considered in the Hempel and Reulein study other than 
to assume that gas turbine exhaust heat would provide steam 
mere ships service power generation requirements which are 
usually low for merchant ships. As was previously discussed 
Mmemecction 3.1.2., use of a combined cycle can result in im-— 
provement of thermal efficiency and specific power of up to 
30% over that of a simple cycle gas turbine. It would appear 
mab mOoSt merchant ship operating profiles of long periods at 
peoucady power level with little maneuvering required would be 
meme suilved for the use of a combined cycle, The increase dial 
specific power would help in keeping the plant from setting tOO 
eeeee and if a refrigerant were used in the vapor cycle as dis- 
Mmmeoeo Carlier, the overall size and weight of the combined 
ere Plant might be less than the simple cycle gas turbine 
meaty alone of the same power level, The added control complex-— 
ities of the vapor cycle with the consequent lowered reliabil- 
aty Will probably keep the Sanpied cycle from being acceptable 
in the near future for warsnip propulsion but appear to be 
eurved to many merchant Ship applications. 

Gas turbine plants are presently competitive for most mer- 
Chant ship applications and further increases in efficiencies 
Memo DeCific powers are expected. Also, aero-—derivative engines 
Mee expected to be able to utilize cheaper, heavier fuels in the 
Pubure, Considering this, it would appear that one could expect 


@ Significant growth in commercial marine gas turbine pbrooulsion 
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mpplications in the next decades Hevwcver vais would be over- 
ooking the traditionally conservative nature of the shipping 
industry, The inability to point to any non-government owned 
merchant vessels with gas turbine propulsion currently in 
mivice is a serious deterrent to this expected growth, Fer= 
haps, once the Sea Train container ships and the BHP roll on/ 
Meme orf ships are in service, and with increased naval appli- 
cations allowing ne owners to gain more coniidence in one 
gas turbine as a marine propulsion plant, the significant in- 
Sreasc in commercial marine gas turbine horsepower long pre- 


me ved Will become a reality. 








4, CONCLUSIONS 


The main conclusions Of"tnis Study of meriner’ 2s seureame 


propulsion plants are as follows: 


1) 


Most non-nuclear warships built in the future 
are expected to be entirely propelled by aero- 
derivative gas ee Bot COGOCG plants vamd 
propulsion plants utilizing only one size gas 
DUroeie Will bemiced, 

A Significant increase in the use of gas tur- 
bines 10r Merchany stl peprooumlcion, We mln. ina 
both aero-derivative simple cycle and the 
HeavyeoUGy srestencrabvive asm iicelMecamiawe= 
PecveG mn tes aerO-derivic bine me eric acacia! 
utilize a heavy distillate fuel while the 
heavy duty engine is expected to operate 
Drinart ly OM breaived FestTdual ives wap 

least for the next few years, One deterrent 
that mus t Der Overcome is rte wy raw Lome cc — 
luctance of shipowners to accept a new type 
propulsion plant, 

Satisfactory thrust reversal with gas turbine 
propulsion Can be achieved by usins a control— 
TA0Le, preveroletcmolr Cum Ope ller pirescuuly (au 
power levels up to about 30,000 hp per shaft. 


ii tide Mex eWw Vears vais pOWer Tanee mn 








4) 


D) 


expected to be extended to about 40,000 
tom50;000 hpyper shall iemedestroyenwr oe 
ships and to over 60,000 hp per Shaft for 
larger vessels #aeOlLneremeans of vive 
reversal are also available with a re- 
versing gear appearing the next most 
promising method, 

Simple cycle aero-derivative marine gas 
turbines are expected to achieve a thermal 
efficiency of about 38% in the next decade 
by the use of higher turbine inlet tempera— 
tures and higher compressor pressure ratios. 
Te specific power of these engines will be 
Peeavly Increased, NO Maior Oreciccii-ougia 

in high temperature material development is 
anticipated so these high turbine inlet 
temperatures will require advanced blade 
cooling techniques to be employed, 

Heavy duty regenerative marine gas turbines 
can be expected to reach a thermal efficiency 
of about 41% in the next decade with approx- 
imately the same specific power as the aero- 
derivative simple cycle engines, It is very 
doubtful if these gas turbines willl be able 
to use residual fuels at the high turbine 


inlet temperature required to achieve this 








6) 


7) 


8 ) 


Hien eri .elenicy. 

Within this same time frame, themeonpameaeza. 
turbine and vapor cycle engine 1s expected to 
have the potential of attaining a thermal 
efficiency of 48 to 49% with much higher 
S@eelii1¢ eversmsdan CiEner The sample me ere 

or regenerative type gas turbines alone. 

This type of plant appears to be well suited 

to many merchant snip applications, 

The availability of high performance aero- 
derivative gas turbines over the entire power 
ranges desired for marine propulsion plants 
Wiil continue to be a problem in the fucvure 
primarily because of limited support avail- 
Agkennor MarimwaZine Suitable aireonar Gren einics: 
The improvement of the heavy duty gas turbine'’s 
ability to use residual fuels does not appear to 
interest very many gas turbine manufacturers at. 
this time, There is some question as to whether 
the ability to utilize residual oils is worth- 
while because of a continuing decrease in the 
weree Facio Of Giese! fuel ro resrauar orl and 
also the poseivility of future pollution reg— 
ulations preventing the use of the residual oil 
puels 


Ost Srava ie an 
HOLwSoecC LON COrrOcioen ala VeO™ Che oie TOC e 
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environment will continue ae be a) prob timo. 
Marine pes turbines | fnisceoro slew heen. 
quire more effort as turoine inlet temperatures 
continue to rise. Also the use of heavy distil- 
jates in eaircravy derivacive ene ides sie One 
pound the problem for them, 

Air inlet and exhaust ducting arrangement will 
conrtinme VO. recduire Speciaiedesian apycnvaon 
and close coordination between the naval arch- 
itect and the marine engineer, The expected 
higner specific powers of future gas turbines 


will lessen this problem somewhat. 
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A.1. GE INTEGRATED GAS TURBINE POWER PLANT (17, 43) 


SHIP 


MARAD cargo vessel design PD108 


Length between perpendiculars GYAom aly 
Beam oe AO Bare 
Deadweight 10,000 tons 
Design study (no ship built) 1964 


MAIN PROPULSION SYSTEM 

ies propulsion System consists of a 20,000 hWp* resenerayige 
meemecuroine driving a controllable-~reversible pitch propeller 
mamolen reduction gears, The gas turbine exhaust heat is util- 
m2zeaq in a heat-recovery boiler to provide steam to drive a 
merbo-~fenerator, for the ship's distilling plants and for the 
fae Ss heating for fuel and hotel services, The gas turbine 
Mees residual fuel oil which is treated in an on board treat- 
ment system consisting of washing, aeenwlee and an analytical 
ay ouvems, 

The engine room arrangement is shown in Figure A,1, The 


following table gives some of the major machinery weights: 


Gas Turbine 65e7 hous 
Regenerators 112.4 
Reduction Gear 67.0 


Waste Heat Boiler (including forced 
draft blower and fuel system) 39.7 








Mire A.l Engine Room Arrangement for Integrated Gas Turbine 
Power Plant Design. (43) 


1, Main Turbine 
2. Main Reduction Gear 
Big INS Meg IS ire 12 OG 


4, Heat Recovery Boiler 





Fuel Treatment System oe Oms 
Uptakes, Ducts and Stack 30 
Gas Turbine The gas turbine is a regenerative, open cycle 


two shaft turbine. The compressor is 16 stage axial flow with 
pressure ratio of 6.36:1 with air flow of 254 lbs/sec and oper- 
perme at 3,860 rpm. 

The combustors are 8 Louvered type, fuel based on spec- 
ification Bunker CGC and atomized by steam. 

lime woe hepressovre LUrbine, drivine ehe Compressor melas 
Single stage axial flow type with turbine inlet temperature 
er 14779 F. 

The low-pressure load turbine is also a Single oearte 
axial flow type with gas exit temperature of 888° F operating 
at 3,600 rpm, It is aqummoe’ with variable angle nozzles for 
fjonvrol, 

The starting device is a 635 hp steam turbine which util- 
mes Scveam generated in the heat recovery boiler with auxil- 
Hilary gas generators supplying the hot gas required, 

The regenerator is a plate-fin, sectional type with 77% 


effectiveness, 


meauction Gears te ©recauecrionm Sears ale wou Oleorecaier em. 
memole helical, articulated locked-train type rated at 20,000 
hp and having speed reduction of 3600/570/105 rpm, The "K" 
factor of the low speed pinion is 105 and of the high sveed 


Pinion is 160, The reduction gear lubrication system is 





i 
oe 


manerral with the turbine's lubriecavien ey oven 


Propeller The propeller is a 4—blade controllable and 
meersible pitch type, 21 feet in dlamever, and raced bo 


EiosOorb 20,000 shp at 105 rpm, 


Air and Exhaust Ducting The air inlet for the fas Tie biae 
mamocated COpSide on the navigating bridge deck, about 53 feet 
meeve the water line, A plenum chamber about 25 feet long by 
25 feet in breadth surrounds the upper stack, Air is taken 
mae cic port, Starboard and ait sides of the Mier Notice 
meeoulehn baifles arranged vertically. The baffles AONE of 
meraucuural steel angles which remove large droplets of water 
as the air changes direction through then, 

Downstream of the baffles, the air passes through woven 
mesh filters (Demister). The filter is supposed to remove 
fe tne remaining salt particles contained in the air either 
as dry particles or within vapor, 

The inlet duct dimensions are about 5 feet by 12 feet 6 
maches, | | 

mae exhaust ducving is reasonably strarmeny run up from 


mie Waste heat boiler of dimensions 5 feet by 12 feet, term- 


inating in a 8 feet 9 inches diameter smoke pipe, 


meet Treatment Facility The fuel treatment system is pro- 


meaed CO make the residual fuel suitable for use in 2a high 








102 
temperature gas turbine, This system consists of eee SeCc= 
ions, as follows: 
1) Desalting or Washing Section 
The removal of sodium, pctassium and calcium from 
the raw residual oil to acceptable limits 1s ac- 
complished by means of a combination oil washing 
ano centrifuging procedure. 
mB) Additive Section 
A blending of a suitable additive (presently 
magnesium sulfate) with the fuel prevents cor- 
roSion action by inhibiting the vanadium, The 
vanadium compounds are mostly oil soluble, there- 
fore were not removed in the desalting section, 
pueedAnalysis Section 
The fuel analysis section is used Go monmgor tae 
Quality of bovh the delivercdsand treaced ime! 
O1ls, To check the performance, ol spMeswasiiwis 
system, an occasional check of the sodium in the 
washed fuel is required and each time a new batch 
of fuel is introduced into the system, the vanadium 
Convenyemus > pesderermined SO tat wiewameuny or. Gae 


oil can be determined, 


The fuel treatment system is completely automated with the 
exceovlon of mixing the magneSium sulfate solution once a day 


With tne operation requiring only a short time, 





BOAT 


A.2,. SWEDISH T-121 TORPEDO BOAT 





Displacement 200 tons 
Length 140 ft, 
Beam Zoibl oe 
Speed — . 40 kts. 
Designed 1965 
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PROPULSION SYSTEM 


The T-121 is driven by three shafts. 


Bach set consists of 


a Rolls-Royce Proteus gas turbine with 3,450 bhp continuous 


rating, an Allen-Stockicht primary reduction gear from 11,600 


memeco 5,239 rpm, a connecting shaft with two flexible coup- 


fmmes, one Allen secondary reduction V-drive including thrust 


block and one KalleNa controllable pitch super cavitating pro- 


Peller rotating at 1,439 rpm. The machinery general arrange- 


Menv in the boat is shown in Figure A.éd. 


The following table gives some of the major machinery 


Welghts: 
> Proveus gas Turbines 


5 Allen gear boxes plus 
Snart to turbine 


3 Kableway CPP*s plus Siuatting 


HUGH, ule Ole auGuceO Line 
water system 


Paige i Ueveenc eles © OAnOeCsr stem 


9,800 lbs, 


10,500 


8,125 


5 4850 


covers, cooling fans for turbines 4,600 


_ eee -—- ll rs aa 
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eropulsion Turbines The Proteus gas: Tur pite SU ee mt wae ce 
shaft aircraft derivative gas turbine consisting Of a gas fZen— 
muehor and a free power turbine, Whe eas eenerarer eases 
Stage compressor giving about a 7.3 compression ratio. The 
memoressor iS driven by a 2 stage axial turbine. The free 
Menmer turbine which receives the hot pressurized gas from the 
mieeeenerator is also a é stage axial type. 

The gas turbine fuel system contains automatic protection 
meeinst low pressure in lubrication system and turbine or com-— 


meemeor Overspecd, The turbines utilize marine diesel fuel. 


Each turbine has an air start motor. 


mecuction Gears The shatv when connecus  laey turoimeni dices 
meouctLiOon gear with the separate second reduction gear has 
memeber Couplings at both ends to allow the turbine the unavoid- 
mole thermal movements as well as misalignment due to distor- 
mpon Of the boat and vibration, The secondary reduction gear 
consists of a 15 degree V-drive spiral bevel gear with a speed 
Mmeauction Of about 1.3:1 and a parallel-shaft, single—-helix 
pear of about Ze Two of the three propellers rotate clock- 
meeeeeeeene Other two counterclockwise, This 1s accomplished by 
en idler train incorporated in the counterclockwise secondary 
Bears, The secondary reduction gear 1s a light weight design 
with aluminum alloy gear case and nitrided parallel train. The 
bevel gear is of case-hardened steel, The shafts are carried 


wae ball and roller bearings, excent for the bull gear where 
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mlain bearings are used, The propeller (hrus 2 eesatin woe 


marea at the front end of the gear case, 


Lubrication System Each gas turbine (including the primary 
reduction gear) has its own lube oil system with shaft driven 
mimos., The turbine oil is cooled in sea water coolers, Each 
Secondary reduction gear has a-separate lubricating system with 
mmo sets of pumps, one shaft driven, the other motor driven. 
The secondary gear oil cooler is combined with the turbine 


Cooter both using the same flow of sea water. 


Peer iniet and Exhaust system The gas panuiee ebges allie alte el 
in the intake plenum chamber as was shown in Figure A.2, The 
combustion air intake cowling has its aft-faced opening on top 
@f the inclined intake trunk, One row of vertical splitters 

is installed both to separate water from the combustion air and 
to attenuate noise, The exhaust pipes are as short as possible 
ema nave a slight S-shape. They end just below deck level at 


the stern in a 3° downward direction. 


mopellers Bach propeller is a super cavitating KaMeWa con- 
trollable pitcn propeller with an L-type hub. Each one has 3 
blades, 43 3/4 inch diameter, blade area ratio of 0.60 and de- 
signed pitch ratio of 1.17, The L-type hub is a special design 
by KMW with a total blade turning angle of 115 degrees which 


allows any pitch to be set between fully feathered ahead pitch 
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aoa full astern piven, The requiremencu Giwete ey i cavderc. 
ahead pitch was necessitated by the machinery arrangement with 


Mmoeclutches in the propulsion drive train, 


Control System Each shaft is controlled bDygassine le tever 
which controls the combined action of the propeller pitch mech- 
fe@oim and the turbine throttle; During normal running all man- 
memers are controlled from the bridge, Starting and stopping 
Meer baines, as well as control of feathering, are done in the 
machinery control room (MCR). After a start of another turbine, 
mien the vessel is underway, it can be run up from the MCR to 
femvoablie speed, Then the bridge assumes the control and the 
memo! lever in the MCR is declutched, The function of all 
machinery is wnereal ter superinvended fromeunesiCh Wace 


aeenmediate control from the bridge. 





PEDER SKRAM-~CODOG FRIGATE 


ee a 





eaiP CHARACTERISTICS 


Displacement 2,000 tons 
Length overall Bee iO. 
Bean Sia 
» peed j 30 Ge Vebce 
Delivered March, 1966 


MAIN PROPULSION SYSTEM 

The CODOG propulsion system consists of two 22,000 hp or 
two 2,400 hp diesel engines driving two controllable pitch 
propellers through reduction gears with clutches, 

The propulsion machinery area is divided into five water 
meets Compartments as shown in Figure A.3. The spaces contain, 
Mmecmerore tO afl, portside gas turbine, portside gear and 
Meemeencs, the two propulsion diesels, the starboard side gear 
meme luLcches and the starboard gas turbine, Tne main control 
room is located above the starboard gear box, 

The gas turbine air inlet and exhaust ducts run close 
mercuncr through the decks, The air intet is constructed as 
men annuler horizontal grid around the base of the stack, 

Normal operation is as follows, For low-speed maneuvers, 
the diesels are used with ship speed and direction controlled 
my the CP Propeller. When cruising, the diesels run close to 


weir maximum speed and the propeller pitch is set to sive 
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@eoiinum efriciency, nen the need Hore i iener ee ay speed arisea., 
mage gas turbine can be started in a very snort ae poe 
magebaine idling rpm is set slightly over that of —§4e 24s UNroige 
Bear input shaft which is already turning, to avoid running che 
clutch at a small relative velocity difference and thus insur- 
be positive engagement, When gas turbine power is increased, 
the diesels are automatically dec lutched and may be run at 
magsyne speed or une down, On changeover to diesels again, the 
power turbine rotor may be rotated slowly by means of frictional 
ferces in the freewheeling clutch, The oil system and bearings 
meee desipned to permit such operation for an indefinite time, 
fas, all engine speed and power regulation is done by pushing 
meeweeconvurol levers, as if there were a single prime mover, 
The diesels and gas turbines both use marine diesel fuel. 


Some welgnt and performance data is given below, 


The Diesels The turbo-charged V-16 diesel engines are of 
General Motors type 16-567D and will drive the ship up to 
about 16 knots, The intermediate shaft between hydraulic 
coupling and gear carried tooth couplings in both ends to 
allow for misalignment under shock conditions and to compen- 
Sate for axial displacement. The engine is mounted on shock- 
absorbing rubber elements to obtain the necessary shock re- 


ersvance, 





me 
tae Gas Turbines The major components Of each gas curbine 
are the Pratt & Whitney Aircraft GG4A-3 (J75) gas generator and 


the Stal~Laval two stage reaction free power turbine, 


Gas Generator The GG4A-~3 gas generator is the gas generator 
portion of the FT4 gas turbine. 

It is a twin-spool gas generator with an eight stage, low- 
pressure compressor followed by a seven stage, Nigh-pressure 
compressor, This gives a tetal compression ratio of approxi- 
mately 12:1. The can-annular burner has eight burner cans inter- 
connected by crossover tubes, Fuel is supplied to the burners 
Mmemecrenit circular clusters of six nozzles each. The first stage 
peeoime drives the HP ano. the second and third stage turbines, 
bae LP compressor through concentric shafts. 

The fuel pumps, the hydromechanical fuel control unit, oil 
pressure and scavenging pumps are driven through the accessory 
Peerbox. The engine is started by an air turbine powered by 
compresseca air from storage tanks, The special synthetic lube 
feeets Cooled by lubricating o1l from the turbine gear, A 
compressor SEE EHE S¥ScGeM 1S provided= Ulitiaiia es cited 
Water injected through nozzles in the air intake. Should 
@eavaier depositions occur, a solid cleaning agent can be intro- 


duced into the compressor tnrough the same cleaning system, 
& & 


Power Turbine The power turbine consists of an inlet dif- 


meyer and connection to the pas generator, the stator and rotor, 








Le 
em exhaust diitfuser, and an exhaust casas Woes cn ace rome 
moe stack. The two stage power turbine has an overniuns Toro: 
mounted in two journal bearings. 

Tne gas generator exhaust Connects To leies peewee oUt 
Mmm Conical inlet diffuser, The connecting elemengacrd 
mogially movable, axially sliding joint which forms the gas 
seal. This joint transmits virtually no forces from turbine 
memcne gas generator. 

The journal bearings are of the tilted-—pad type which use 
pial! radial clearances and give stable operation despite high 
Speeds and relatively low loading, The bearing at the coupl- 
oie end is combined with a Michell-type thrust bearing. An 
gnicermediate shaft with gear tooth couplings in both ends con- 
mects the power turbine and the gear. The lube oil system is 


wommon tO the power turbine and the reduction gear, 


meauction Gear and Clutches and Propellers The diesel and 


the gas turbine work on the propeller shaft through a common 
meal—Laval reduction gear, The diesel engine drives a double-— 
Mmelical, single-reduction Pear, The paswuurvane redyvctioe 
Seer iS a double-reduction, single locked-train articulated 
iype fear, 

iiae Borg Warner tree wheeling clutches are eintlesra tewi ch 
the gear allowing independent operation of the prime movers as 
Mert aS automatic change-over from diesel to gas turbine and 


eee versa, The locking action in the cluteh is performed by 
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rows of "sprags" between an inner and outer ring. The sprags 
will roll into engagement when the Outer rime Sage tOo er 
make the inner, thus locking the clutch, The sprags are 
meunted in two concentric cages which synchronize thelr move- 
meics, At high over-~running speeds, the sprags are lifted off 
meemanner race by the hydrodynamic forces in the o11 fila 
Pemorifugal forces in combination with spring forces ompose tie 
hydrodynamic forces, When the relative speed between the sprags 
mmeeune inner race decreases, the hydrodynamic forces decrease 
feeeecll, and the spragzs are brought into metallic contact with 
mie inner race prior to engagement. 

The gear is equipped with a direct-driven, screw-type lube 
mee pump turned by the second reduction pinion of the turbine 
meme ne capacity of the pump is adequate to meet the require— 
Memes Of the gear, power turbine, clutches, and couplings. Hilec-— 
merecal pumps take care of starting and low-speed operation, The 
Bear lube oil is a heat sink for the gas generator lube oil, The 
Sear O11 is, in turn, cooled in sea water coolers. The control- 


more reversible pitch propellers are of KaMeWa design, 


Gas Turbine Foundation The SUpPpertsme Seeucture forsceiec sas 
mem@eractlor and the power turbine assembly is a 10 foot diameter 
Seetiorical container. The gas generator is axially fixed at 
mre front support and hangs on links at the rear end. The 
memer cUurbDine connects via a straight, seamless cone to a 


meevy Sumpoorting ring at the end of the container, The cone 


a - 
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Hs integral with the turbine Exhaust Casans, sep oe ec ae 
mnie power turbine rests on a flexible vyerticaleplece vores 
eplows for axial expansion only, The container Nas a large 
Mecning for the inlet air on top. The air filovws around whe 
gas generator and via a toroid-shaped passage to the gas gen- 
pmavor intake, The whole air intake has been carefully wind 
tunnel-tested for optimum performance, The complete sas tur- 
bine assembly rests on 34 shock-absorbing rubber elements fas- 
werned to the ship's hull. 

This type of foundation has several advantages and dis- 

advantages, Among the advantages are the gas turbine can oper-— 
Maemoven If tne engine room is partly fille@ with water to 
above the container center line level, Severe shocks of short 
duration which are transmitted by the rubber as longwave, re- 
duced-amplitude accelerations are easily taken up by the "con- 
MmimauousS .SLrUuctures, Supporting the gas turbine components. 
The air intake duct occupies a minimum of space in the ship as 
memes Carried Close to the exhaust duct and no plenum chamber 
mem@ecessary. The disadvantages of the container arrangement 
are that excessive oil and fuel leaks may cause contamination 
fee intake air, adjustments to the jet engine can not be 
meade while running, and maintenance such as a hot-section in- 
meopection will take more than normal time, due to the limited 
Space inside the container, 

The compressor section of the gas generator 1s cooled by 


mae intake air. The burner and turbine sections are sensarated 








oes 
from the intake by a conical casing. A 10 kw fan on the con- 
mariner top draws cooling alY Ghrouem@eine eae tocedmarc mo 
Bescharges it into the stack, The air inteke ducer ic iconnecr s) 
memene container by a rubber bellows, Tor thesexnaocy eee 
bellows is made of steel. The expected pressure loss is 4" H5O 
mor the inlet and 6" Ho20 for the exhaust duct and stack. The 


Boaeeeenerator can be removed or installed through the air inlet, 


Weight and Performance Data 


Power maximum Cece OOO TN cine 
cruising 2x 2,400 shp 
SEC maximum 0.55 1b/shp 
cruising — 0.40 1b/shp 
Shaft Speed 4.670 (gas turbine) rpm 


800 (diesel) rpm 


Erimesmover WNeueny 
(including gear) 5.5 1b/shp 


Machinery Total Weight 6.4 1b/shp 





| 


A,4, MILITARY SEALIF£ COMMAND'S ADM, WILLIAM M, CALLAGHAN 


1.0% 0 lin aelow) 


iP 


Roll onfroll off cargo ship 


Displacement 23,680 tons 
Length overall : 694 ft. 
Beam | 92 ft. 
Speed 2 5 ees: 
Delivered December, 1967 
Designed and built by oun Shipbuild- 


ing & Dry Dock Co, 

ime ship 18 a merchant vessel but was designed anc oun 
Specifically as a gas turbine powered vessel to provide oper-— 
ating experience with high powered gas turbine ships for the 
Meo, Navy. However, since USN delivery yet vedas been idea lire 
continuous operation between East Coast, USA and Bremerhaven, 
Germany transporting a cargo primarily of private automobiles 
and loaded military sea vans, 
MAIN PROPULSION SYSTEM 

The main propulsion system of the ship consists of two 
20,000 hp gas turbine engines, each driving a fixed pitch pro- 
peller through a reversing reduction gear. A sketch showing 
the layout of the main machinery compartment is shown in Figure 
A,4, 


RevercINes reaucumon ears are Uli lized acer Ne Means om 
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mevyersin=s Lhe power oOutpUuL, 


Engines The original engines were two Pratt & Whitney 
FTYA-2 gas turbines. In about 1970 one of the FT4's was re- 
mleaced by a General Electric LM 2500 to gain operating exper- 
Mmence with this new turbine. 

The turbine originally used marine diesel fuel but recent 
attempts have been made to operate on a heavier distillate fuel 
Similar to Navy Distillate (40) to gain experience with this 
fuel, 

Engine starting is accomplished by using a hydraulic system 
with the main hydraulic start pump clutched to one of the diesel 
memeracvors, 

Noise in the engine room from the gas turbines is control- 
led by their enclosures which provide acceptable noise levels, 

The gas generators can be removed through a bolted plate 


in the deck above tne engine room. 


Reduction Gearing and Clutches TVG wweversime. réducvilenmeecamis 
were supplied by Falk Corporation and are of the divided train, 
Semele reduction type located forward of the gas turbines win 
Mmrememive FLO tne propellers led undernsavima tne enzines, “ine 
port reversing gear is snown diagramatically in Figure A.5. 

The input from the power turbine is taken into two pairs of 
first reduction gears which turn at 800 rpm when the turbine 


speed is 3,600 rom. Quill shafts from one pair of first reduc- 
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tion gears drive back to the main reduction gear ne a. Dai ei 
clutch-coupled second reduction pinions, When these are turn- 
tae in the ahead direction, the second palrvorenuimer reaverices 
Meers turns ubs respective quitl shai ts pi thesreuersc ice. 
tem but in the unloaded condition. To reverse the rotation of 
Paes Output shaft the gas turbine is brought to an idling con-= 
eetion, the ahead clutcnes are disengaped and thewreyciec 
meueches are engaged, in the port side gear box, the inner 
mer Of reduction pinions are coupled to the main gear in the 
ahead condition; the outer pair of pinions are used in the 
starboard gear box so that the propellers are both outboard 
Siege, Overall reduction ratio is 26.721. 

The clutches are Airflex pneumatic type with asbestos 
faced shoes mounted on @ torus shaped gland and are designed 
iftemabsorbd the heat generated during a reversing operation as 
ieweeeas transmit Che torque. This method of reversing owes 
Meenwcuccess to the fact that the rotational inertia of the gas 
turbine and high speed gear elements is greater than that of 
e@emblow speed gears, shafting and propeller by enougn margin 
to overcome the counter propeller torque experienced while the 
Pimee coasts during a reversing maneuver, When maneuvering at 
meee Speed, the clutches must be slipped continuously to 
meee tne desired propeller rpm. At these speeds, very iittic 
power is transmitted and it has been found that the clutch can 
be slipped continuously without causing overheating or notice- 


able wear of the clutcnes, 





2g 

Lubricating System Each of the gas turbines (FT44's) have 
mevO lubrication systems, one for the gaseeenerarvereanid one oe. 
fee power turbine, employing special Nien tenmperarure Synticure 
oo, This synthetic o11 is cooled in heat exchangers using tae 
main reduction gear mineral oil as a coolant. The reduction 
Seem O1l is then cooled by sea water. 

Oil vapor from the gears and gas turbines must be carefully 
memprOolled to prevent its deposition on the clutch surfaces, 
Mages rOvating clutches tend tO cCentriiugce Of) fromeuio ceo mma 
eer passing through the clutch cases and this oi11 deposit could 
be a hazard to clutch reliability, Substantial corrective mod- 
memcations to improve the venting system of the ship were made 


meuer Carly service experience demonstratedwexistence of this 


problem, 


Air Supply and Exhaust System Separate ductwork is installed 


for meet fas turbine to preclude the possibility of ima@uced=crir— 
culation when one turbine is secured. The relatively straignt 
meeremor AQuctwork are located in structural caSimgs rising from 
mac deck above the efigane room tO the LeOpeet sume deck house, 
[iie~ase air enters che inlet duct through weather screen and 
plenum on the aft side of the deck house about 67 feet above 

baie Water line, The combustion air passes through a multiple 
feeauure Separator system incorporating hot air bleed from the 
gas turbines to permit deicing the separators if required. 


Intake air tnen moves downward through two stages of inlet 





dee 
Silencers of the splitter type and enters a plenum at the inlet 
feo of the gas turbine, Further anti=1¢iie pro rece on oeeiGge. 
vided by resistance heaters in the inlet bellmouth and com- 
MiecssOr bleed air for the inlet pulde vanes angrnose cone aac 
exhaust gas passes tnrough a single silencer and exhausts from 
the stacks at a height sufficient to prevent recirculation into 


the air intakes, 


Control System ihe ship employs 4 centralizedmenai ner ieon 
m_col SyStem Utilizing a control console located in the aux= 
Mmaentary machinery space. The engines are started, controlled 
and monitored from this vosition, The single lever throttle/ 
Peeieen Controls are duplicated on the bridge to permit the 
mieanes tO be operated from there also. Maneuvering control 
1s achieved by translation and programming of a pneumatic sig- 
meet rom the engine control lever to the proper combination of 
Reece virOltLle sitting and clutch alr pressure for the ahead 
Mieeaceern Clutches. 

Automatic shutdown of each gas turbine is provided for 
when any of the Following COnd1 Liens ware OCrcered. 

1) flame failure 

2) low L.O, pressure on gas generator or free 

wiLeoTae 
3) overspeed on free turbine 
4) high L,O. inlet temperature on gas gener- 


ator or free turbine 





5) high exhaust temperature from gas gener- 
ei ie See ane: 
During operation many shutdowns have occurred because of 
instrumentation failures and it is felt (10) that engine shut- 
down requirements should be minimized, Presently the U.S. 


Coast Guard requires automatic shutdown only for overspeed and 


Mevetubricatins oil pressure, 





CANADIAN DDH-.280 CLASS (69, 70) 





SHiP 
Displacement 4,200 tons 
Length petween 
perpendiculars 398 hoe 
Beam 50> Lage 
Speed | 27 kts. 
Sea trials planned Mid 1971 


MAIN PROPULSION SYSTEM 

The COGOG propulsion system consists of two main gas tur- 
Meemeneines of 25,000 hp each or two cruise gas turbine engines 
memo ,/00 hp each driving two controllable reversible pitch pro — 
meters Lhnrough reduction gears with clutches. 

Both gear boxes and a raft bearing all four engines are 
Brouped into a relatively rigid assembly which floats as a unit 
on rubber vibration attenuating mounts which are mounted on the 
ship's support structure, The output drive from the gear box 
mame propeller shaft is through a "rubber tire" coupling de- 
Signed to accomodate misalignment and provide vibration atten- 
vation to the shafting, The machinery space layout is shown in 


Figure A,6, 


Engines The main gas turbines are Pratt & Whitney FT4A-2 
ana the cruise gas turbines are Pratt & Whitney FT12A-3, The 


free oower turbines for each shert on both the cruise and main 








WN 


ci 


(04) 


qnokeyT soedg ATouTyoeW OSZ"-HdG 9°V “DId 





YVED NOTLONGYa 





126 
enoines are designed to turn an Oppesivere commen. Reema 
ia completely symmetrical gearing, Because™erewenly comicule, 
between the power turbines and the gas generators is a gas 
pemoiing, all the gas generators rotate in their “Wormald er 
men) . 

Engine starting and motoring during engine washing is ac- 
complished by using a hydraulic system supplied by New cri a. 
Brake Company and is sized to start both main engines ie 
taneously, The hydraulic starting pumps are driven by electric 
mecors. 


Bevad ciuvines Use Marine Giese fuel. 


Reduction Gearing and Clutches The reduction gearing was 
designed and manufactured by the Maag Gear Wheel Company of 
Zurich, Switzerland, The FT4 drive is a locked train arrange-- 
ment with overall reduction ratio of 15.6:1. The FTi2 drive 
moed 2 double reduction articulated single train drive with 
overall reduction of 68:1, The gears are single helical, hard- 
ened and ground, All FT4 gears are carburized except the main 
gear which is afteecieice: the FTIZ2 primary geareuneels areual ae 
nitrided ana the primary and secondary pinions are carburized, 

Both FT4 and FT12 clutches are of the same size (SSS size 
Moor), Both clutches are located on the aft face of the gear 
box to provide for accessability. 

mac FITZ ciuvenweontrols the drayemimeouwmuico primary ear 


mmeriic ScCONGdary OiNiton drive quill, “Woe Piagcecluven is 





lev 
disengaged, rotation of the main gear will rotate ani ENS 
secondary pinion of the FT12, The FT4 clutch controls the 
drive from the input quill to the primary FT4 pinion, This 
Mecation avoids the need for two clutches on the Pocked train 


arrangement but does cause all the FT4 gears to rotate when- 


ever the main gear rotates, 


meopellers The inward turning five-bladed controllable 
pitch Propellers were aesiepned by Mips NIV Pitemdeei cae. 
an all-~mechanical erst hub with a long push rod trans- 
Meubping pitch holding and changing forces through the shaft 
bore from the hydraulic actuator, The hydraulic actuator is a 
double acting ram in an enlarged section of the shaft inboard 
of the sternseal, Within the propeller hub, mounted on the 
Meee od, 1S a 5-sided yoke with 5 eccentric pins, Each pin 
Srics a2 rectangular block which engages a slot in the inner 
face of the blade foot, Axial movement of the push rod and yoke 
Meuse vie blade pitch to change, 

A separate pitch changing hydraulic system is provided for 
each shaft line. Each system uses a 50 hp electric motor driven 
hydraulic pumo, A stand-by belt-driven pump is automatically 
emeagsed if power is lost. Also port and Starboard hydraulic 
movens are normally cross~connected to provide further redun— 
dancy, Oil is transferred from the hydraulic system to the 
rotating shaft through a co«#axial oil transfer sleeve, 


mas syouem 1S capable of completing aorrven chan ec @ren 
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full ahead to full astern in less than 20 seconds. 


Lubrication System The gas turbine enpinewe aie lie seue 
System reject heat to the gear box mineral lube oil in engine 
ee coolers, The mineral o11 is then cooled by Sea water In 
bie main lube oil coolers, The system is duplicated, port and 


memepOard, With emergency cross connections for redundancy, 


Air and Exhaust Ducting Rach engine has a separate intake. 
The FT4!s use an intake plenum formed by an ar aeee rene of the 
wenuon end of the down take, while the FT12's use a direct 
Meet inlet fed by a duct curving off from the down take, Bach 
feidte-Ss intake makes separate provision for mist eliminators, 
mitibake Screen, intake silencing splitters and intake silencing 
lining, 

Bach engine also has a separate exhaust, All the exhaust 
Mierwseare circular to the outlets at the top of the funnel and 
have expansion joints to accomodate thermal, differential ex- 
Bension and raft movement in shock and roll conditions, 

Bach of the four engines is covered with an individual air 


cooled, insulated sound attenuated enclosure, Both the FT4 and 


FT12 gas generators can be removed through the FT4 inlet ducting. 


Control System The control system wumciludes a bridge console 
for one man operation of steering and propulsion power, A main 


control console in the machinery control room provides another 
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eontrol position with complete moni toring@e acimagppes ine ideas 
automatic scanning of plant parameters, warning displays and 
automatic data logging devices, Single lever control is pro- 
vided for each shaft line with automatic sequencing of machin- 
maye plant functions including engine start up, shutdown and 


Smeangeover, 


mesting A complete port shaft line of machinery was shore 
tested at the U.S, Naval Ship Engineering Center, Philadelphia 


eviction prior to ship installation. 





272 HEAVY DULY MARINE GAS TURBINE 





fhe GE MS 52/72 heavy duty marime sas CUreitieeis aco esse 
engine with variable angle load turbine nozzles, It can be sup-— 


Poervea. aS either simple cycle or regenerative cyele, 


Cycle Arrangement The engine consists of a 16 stage axial 
miew COmpressor, combustor section, a single stage hign pressure 
mmeeninie Connected Co the compressor and the tandem single space 
low pressure (load) turbine, 

The combustion system is composed of twelve 10 inch dia- 
meter chambers located around the outside of the compressor 
casing and enclosed in a cylindrical pressure shell (combustion 
wrapper). Flow shields around each chamber force the air to 
flow around the outside of the chamber in a direction opposite 
womcdec internal flow, 

imac Combustion wrapper configuration rather than use of 
andividual outer cans for each chamber is dictated by the need 
Memcouvey compressor discharge air out to the regenerator and 
back cto the combustors. 

Bach comoustion chamber discharges through a sevarate sheet 
fae ieeereansibion piece to the first stage turbine nozzie. In 
tne regenerative cycle arrangement there is a seal at the inlet 
Beet cach transition piece that. prevents compressor discharge 
mmemiccom [lowing Girectly into the combustorsiniet space, For 


mempile cycle wits, this seal is removed. 
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Bearings The gas generator set rovor iS Supported oa 
mressure-lubricated, elliptical journal bearings a 1684-8. 
Eeavor thrust is carried by a self=egualizing svi ia 
bearing located in the compressor inlet housing. 
The load turbine rotor is supported by two pressure-lub- 
meeeaved, tilting pad journal bearings. The load rotor (thrust 


is taken by a tilting pad bearing located at the outboard end 


of the load shaft. 


meavor otructure otarting at the compressor ines eae 
meeswor Structure consists of the compressor casing back to the 
beginning of the discharge diffuser, At this point the compres- 
Ser discharge casing branches Imto e1lght Struts, locavcamiaeriv cn 
combustion chambers, These struts connect to the forward end of 
the turbine shell (casing) which extends to downstream of the 
Meade curdine nozzle, Starting at the load turbine bucket inlet, 
the exhaust frame consists of a drum outside the exhaust dif- 
Seem connecved by six radial struts to an inner drum. Tne 
meaner drum connects to the outboard load turbine bearing housing, 

The engine is supported from its base at tne compressor in- 
Bemecasing and at the outboard load turbine bearing nousing, 

The combustion wrapper is designed strictly as a gas con- 
mainine member and does not contribute to the stator structural 
Strength, The wrapper and all casings are flanged at the hor- 


wZzontal centerline to permit convenient disassembly. 
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Comoressor Rotor The compressor rovor Constructo lo meon. © a. 
@f individual rotor disks for each Stage, | Biadeseoveu ise a 
wmomvhe disks by dovetails aligned with the alreioml roe tanzeu: 
line, Throuvgh-bolts connect the rotor disks to the forward and 


aft subshafts, 


Lturoine fie eh press ume turbine rated speed 1555-40 arene 
The load turbine rated speed is 4,670 rpm, with capability of 
continuous operation at up to 4,900 rpm, 

The first stage nozzle consists of twelve precision-cast 
Sepments. kach segment contains three vanes, Trailing edge 
cooling is obtained by compressor discharge air that passes in 
Mie yene core and thence through holes onto the yane pressure 
wweraece iinmediately upstream of the trailing edge. 

Boul stages UlLilize precision=casv, long=snank bucket... 
mie long—shank feature shields the wheel rim and bucket root 
Paevening from the high temperature in the main gas stream, 
and adds vibration damping, The first stage bucket vane is 
momrowed out to reduce the centrifugal load and also to reduce 
the transient een stresses, The second stage bucket uses 
Peep shroud Co provide vibration damping and to mount seal 
Beeun that reduce the tip leakage flow. 

The variable second stage nozzle consists of 32 precision- 
Cast nozzle vanes mounted on shafts that extend radially through 
meaemerrbine casing, Each shaft carries a lever arm thal ceonmecrs 
meme CONtLrol rine which rotates around tne casing to vary tne 


nozzle throat area, Tne control ring 1s actuated by a hydraulic 





eylindéer operatea by the control ssyccene 


BPinizabion Materials throughout the ena es -c 
melected on the basis of their ability to withstands tie marin 
emironment. Table B.1. gives some of the material used ina 
Miepinized unit, Built-in water washing systems will provade 
easy cleaning of the compressor and turbine gas paths during 


Bort shutdown periods, 


Somerols The engine will utilize an analog and digital gas 
turbine control, protection and sequential system with a built- 
in power supply, The total system is comprised of four basic 
subsystems: (a) the Control System for normal running operation, 
(b) the Protection System for an independent back-up of the 
Control System, (c) the Sequential System which provides auto- 
matic startup and shutdowm, and (d) the Power Supply System 
which makes the overall system independent of external power, 

Redundancy 1s applied throughout the total system to assure 
reliability and fail-safe operation, The Gontrol System is de- 
peeened to be "operation-continue" With backup provided by the 
alternate subsystems, For example, with operation on tempera- 
ieee cOnNtLrol, the system is backed up by the speed control 
loop, and vice versa, 

Paeimeauctor alternator mounved ©n the Sascwvurbine Compre:— 
sor shaft provides tne complete electrical DOWer 1 Or tENe Conus or 


pMe@moperation Of the turbine, after the engine is started, 





TABLE Bil. 


Item 


mote. Guide Vanes 
Gempressor Kotor Blades 
Sempressor Stator Blades 
Compressor Wneels 
murbane Wheels 

Turbine Shrouds 

morse ovbage Nozzle 
meeondes tare Nozzle 
merenerator 

Bearing O11 Seals 
murbane Blades- Stage 1 
Murorne Blades - Stage2z 


Combustion Liners 


MATERIALS 


a 
Time 


> FOR SG Bee zice 


Matern. 1 


316LSS or NiCd plated 403 SS 
NiCd plated 4035S 

NiCd plated 4035S 

Epoxy painted 4140 steel 
A286/M1 52 

3108S 

FSX414 

N155 

Camgben Steel 

5052 ela 

1738 

U500 


RA333 





ae) 
During starting, an outside source of either Hise, GO a-C, 
or 125+-v d-c power is required. 

Lie engine control system when combined with COS (Central 


Operations System) permits complete operation of the total 


BropuUlision system from the bridge. 


Peecessory oystem All of the powered accessories required 
memeuoning the engine are shaft driven from an accessommiscar 
which is coupled to the forward compressor subshaft. These 
idemude the main lube oil pump, the fuel oil pump, air compres- 
sor for fuel oil atomization, the control oil pump, and cooling 
water pump, 

The same lubrication oil system supplies the engine bear- 
tostoe iain reduction gear, and accessory. 

mae Starving means driving througn the accessory fear can 
Bescitner an ailessrie MOUCOr, SUCAM BU Uisel ie were Cll o oe eecia smn ce 

Giceensine and all accessories are base mounted, creatly 
reducing the elapsed time and effort of shipyard installation, 
Pase mounting also permits factory operation and testing of 
the complete engine and its accessory system prior to instal- 


Jation in the shiv, saving shipyard check-out time. 


Performance Die repencravive CYC teu @ert Ounce Ole tcomauen 
puel 1S given in Table B.2. The output, SFC and thermal effic- 
iency are supposed to be guarantee values, and hence may be 


conservative compared to the exvected verformance, 





TABLE B.2. PERFORMANCE OF GE MS $2722 Olea tat vos 


Air Flow Lb/Sec 
Compressor Ratio _ 
Porane Temperature F 
Exhaust Temperature F 
stack Temperature F 
maerne ohaft Output — HP 
Specific Fuel Consumption Lb/HP-~Hr 
Thermal Efficiency (LHV) % 


249 
Soe 
200 
955 
682 

27 ,800 
44 

oe, 


Conditions: 14.7 psia, 70F, 3" H20 inlet drop and 5" H20 


exit drop, 17,500 Btu/Lb LHV 


rt 
Ww 
ON 


| 
| 
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On distillate fuel the TIT can be increased to 1750° F, 
ancreasing the output to 29,300 "Dp and the therna ise tetene.. 


moO. 33.0 per cent, 
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B.2.. ROLIS=ROYCE OLYMPUS MARINE GAS Ue size 


The engine consists of a £as Senecrearcr Vikic hea oemnece 
fjmred version of an established aircraft jeu ensue sup od aa 
meh pressure hot gas to a specially designed power turbine 


maven converts the gas energy to shart horsepower. 


Gas Generator The gas generator 1s developed from the 
Siymous 201 jet engine which is used in the Vulcan aircrart 
and is basically a straight-flow double-compound (two-spool) 
unit. It employs two separate axial flow turbines, The com- 
puetbton system comprises eight flame tubes each With a burner 
contained within an annular casing, 

The low-pressure (L.P.) and high-pressure (H.P.) compres- 
Sero are arranged in tandem with the low-pressure compressor 
Supplying air to the high-pressure compressor, The low-pres- 
sure compressor is driven by the second stage (rear) turbine 
meee Nighn—-pressure compressor is driven by the first svage 
(front) turbine giving an overall compression ratio of 10:1 
with a mass flow of 230 1b/s inaximum rating. 

The main components of the engine are as follows: 

i Air Intake Casing ~ This is an alaminumealloy casing 
Emenee carries the low-pressure compressor front roller journal 
Bearing, the mose fairing and the inlet guide vanes. 

2) Low~Pressure Compressor - The low-pressure compressor 


is a five stage axial flow unit and consists of an aluminum 
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casing, cast in two halves, which houses the four Hens of stain- 
less steel stator blading in dovetail section grooves machined 
Within the casing diameter. 

The rotor assembly is of disc type Construction carry i1e 
the five rows of rotor blades and the whole assembly of discs 
and blades is made from stainless steel, The blades are re- 
tained in the discs by means of convertional fir-tree root 
iepxines , 

ane compressor drive shaft 1S Secured by aus integral 
flange to the rear of the rotor assembly, A bearing seal 
positioned to the rear of the flange is followed by a matched 
Pair of thrust ball bearings, The latter supports the rear 
end of the compressor rotor within the intermediate casing, 

3) Intermediate Casing - Fitted between the low-pres- 
Sure and high-pressure compressor is a cast aluminum intermed- 
late casing which houses the low-pressure exit vanes and high- 
pressure inlet guide vanes. 

The center section of the casing supports the low-pressure 
compressor rear bearing and the diaphragm at the rear of the 
Casing supports the high-pressure compressor front roller bear- 
ing. 

The attachment faces for the auxiliaries are arranged 
around the outer casing and embody drive nousings in two groups; 
1.€., the low-pressure and high-pressure drives, The low- pres- 
peeee Froup comprises the following drives: 

a) low-pressure tachometer generator 


b) low-pressure driven fuel pump. 





The hign—pressure froup comprises the 1ovlovin. ee 
a) high-pressure driven fuel pump 
b) eae zenerator main oil pump and four scavenge 
pumps 
c) high-pressure tachometer generator 
d) starter drive. 

4) High-Pressure Compressor - The high-pressure compres- 
sor is a seven stage axial flow compressor manufactured entirely 
from stainless steel, Apart from the fact that the compressor 
Casing is made in halves from stainless steel, the construction 
foovery Simiijar to that of the low-pressure compressor, the 
mouor being of disc construction with blades mounted in fir- 
meee roots. 

The rotor is supported on its front end by the front rotor 
shaft which is screwed to the first and second stage discs. 
ats Shaft is located in the front roller bearing in the inter— 
mediate casing, | 

Hie rotor is Supported on 1t's alver ena of the rear rotor 
center shaft which is carried on a matched pair of thrust ball 
bearings, This shaft also carries the COMpVescOrsdri ve COUP iamal 

An air supply is provided from the third stage of this com- 
Pressor to supply cooling air for the rear face of the second 
Stage turbine and for pressurizing bearing seals. 

5) Delivery Casing -~ The delivery casing fabricated from 
meammless steel is interposed between the high=pressure casing 


mete COMDUSTLON Chamber OuvEer Casings ang carries the marched 
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Dair of thrust ball bearings of thevnieh= pres. ie compressor, 
6) Main Bearings - The gas generator rotating assembly 
femsupported by Seven main bearings, the pectp lena sai wate a 
are as follows: 

i) the low-pressure compressor front roller bear- 
inp Ss ovuced.um, thee reaicm@! Lae wadio maine 
casing; 

ee eerie low-pressure compressor rear thrust double 
bala “bearing sis Nolsedmii bie Cem ciesce lemma 
water Wighiteve WexdlMeln s = (exetent icles 5 

iii) the high-pressure compressor front roller bear- 
ie 1S rete We Cad dW Lie aieear sda) eno le iis 
intermediate casing; 

iv) the high-pressure compressor rear thrust double 
ball bearing is supported in a housing in front 
Ol PUMeeCOUD Ida (Chamoer saimeinn. 

v) the inter-snaft roller bearing is fixed between 
Cie Ow eapCeastre anda ilen— rescue CcOnmrc sco r 
couplings ; 

vi) the first stage turbine roller bearing is housed 
ao the rear of Lhe uurbine inner drum; 
Ta) the sseCOne slave Liebine i-oOllers pearing 1s Boucen 
1 the exieriar. annulus. 
7) Combustion Chamber Outer Casing - The steel casing of 
the combustion chamber comprises top and bottom haives secured 


memeeice NOTrlZontal center Line flanges with nuts and bolts. 
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The casing is fitted between the delivery casinz rear tanec 
and the low-pressure turbine casing, with the turbine stator 
pewOrvine’ rings Imverposed,. 

8) Flame Tubes and Turbine Entry Duct Unit - Eight 
flame tubes are assembled around the annulus formed between 
the combustion chamber outer casing and turbine inner drum. 
ieeieccessary, the flame tubes nee be removed and replaced with- 
Sue removing the gas generator. 

9) Turbine Assembly - The turbine assembly comprises 
mieeiigzh—-pressure turbine bearing support housing, the high-— 
pressure turbine rotor and the low-pressure turbine rotor. 

The bearing housing is supported by a diapnragm unit which 
is secured at it's front end to the rear face of the combustion 
chamber inner casing, The rear end of this unit accomodates 
Gee turbine bearing and housing, the stationary portion of The 
teolme Dearing Seal, the stator support cone and the nigh-—pres— 
sure turbine stators, Lubrication for the bearing is by means 
of an oil~jet assembly which is provided in the housing. 

mac high-pressure turbine disc is bolted to the large 
milange at the rear of the hollow turbine Shaft, and forward of 
maboet Lange are the front and rear seals, The front end of 
Mencnatt accommodates the compressor driving coupling assembly. 

The hollow low-pressure turbine shaft passes through the 
bore of the high-pressure turbine shaft and a seal at its front 
end prevents hot air from the turbine passing between the shafts 


fomeme Coupling chamber, The front end of the shaft also accom= 





we 
modates. the turbine coupling whien teececurcdme. es. 

The high-pressure and low-pressure turbine bledes are 
impulse/reaction type, shrouded at the tips. The root of each 
plade is of the fir-tree form, which is located axially shy 2 
BieojCCclLion piece at its forward end and a locking Cab ap ics 
weer end, The high pressure stator and rocor blading are of 
X.40 and Nimonie 105 respectively and are "pack aluminized" to 
increase corrosion resistance, The low-pressure turbine bear- 
ing together with the relevant seal fitted between the bearing 
Pmgmaisc, is secured to the wheel hub by a ring nut, 

10) Exheust Annulus - The exhaust annulus is mounted to 
tne rear face of the low-pressure turbine casing and consists 
of an inner and outer steel ring connected by eight radial 
hollow vanes. v Uoentront end of the annulus gee diabkmacm 
which supports the low-pressure turbine shaft roller bearing 


and housing, 


TM.1 Power Turbine The whole vnit is carried on a heavy 
steel base plate which is mounted off the ship's = hentotinire 
Pen OuUr pOINntS. 
»eparately mounted on the base plate are: 
a) the turbine stator system and inter- 
turbine duct and exhaust volute 
b) the steel pedestal which carries the 
CUO Co VO UCI mel bs 
The turbine stator system is carried off a steel sunvort 


ring, integral witn the base plate by means of a segmental cone. 
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The stator caSing is a centri-spun sStalmless Siceimeas ble aie 
on the horizontal center line to facwiitatew trl im ee fen 
and inspection of the 56 forged Ni,80 stator blades. 

The single stage rotor consists of a row of 71 Ni.80A 
forged blades attached to a vacuum-melted forged disc, The 
blades are attached to the disc by conventional fir-tree root 
Peis s , 

ine Diaded disc is located on a» stub Shaft. by 3 ninscuh 
eoemolings centralizing the dise and permitting differenvial 
Peeled, This assembly 1s secured by a single nut at the forward 
end of the stub shaft. The main shaft is bolted to the stub 
shaft and supported by two substantial journal bearings housed 
in the bearing pedestal. The pedestal is designed tS contain 
the axial-thrust loads from the double-acting tnrust bearing 
fey 1S located in the pedestal, Hach bearing can be examined 
individually by removing the easily accessible bolts in the ped- 
ioe! covers, 

The main shaft also carries the overspeed trip plate which 
operates the overspeed trip mechanism mounted on the vedestal., 
The trip plate is designed to operate by centrifugal force when 
the turbine shaft exceeds its maximum design speed by ten per 
@ewe, the trip ring triggers a mechanism which closes the hnigh-— 
speed shut-off cock, thus stopping the supply of fuel to the 
gas generator, This mechanism is in fact the ultimate safeguard 
against power turbine overspeeding and it is entirely independent 
of any accessory drives or other governors in the main fuel-con-— 


trol system. 





la 


After leaving the power turbime 1 deme 32 -w eas is dif- 
fused and then directed into the exhaver yoluve by cascade 
manes, A flexible bellows attached to vie G2. veo. 
feence caters for deilections imposed throusn Thermal ote 
morwtOn Or hull inovements and prevents uptexe Loads bene 
iPmansmitted to the power turbdine.. 

The gas generator itself is carried off the front of the 
power turbine assembly by means of two tubular cantilever 
memucvcures each mounted on two ball joints, A bellows joint 
moeprovided in the duct to the power turbine and the gas gen- 
Bieewmor and the cantilever structures are arranged sO Umav the 
deflections of the bellows under shock load are minimized, 
Meiewoo the resilience of this structure, shock accelerations 
Sweermienced by the gas generator are lower than those arriving 
at the power turbine, 

ius arrangement’ simplifies the remeval of a Sas gen= 
6rator for repair as the tubular support frames can be swung 
Sideways clear of the gas generator, thus allowing the gas gen- 
erator to be lemmas on to a suitable trolley, Replacement 
of the gas generetor is simple as no alignment problems are 
involved, the only connection with the power turbine assembly 


being the bellows joint, 


Controls and Fuel System The fuel-control system for the 
marine Olympus engine involves Swo sevarate methods of control- 


ling the fuel flow; firstly by means of a throttle, and secondly 





16 
from the speed of tne power Turbine? Sin adi tog ce eae 
Vices are provided which prevent the power turbine or either oF 
the gas generator rotors being damaged by overspeeding and 
moaich prevent the gas generator beins damaged bye *Cescive Veme 


perature, 


Performance The performance of =ohe Warime Olynpiss ie meee 
at an atmospheric temperature of 59° F and pressure of ne iiay 


in, without allowance for ship ducting losses is as shown be- 


low: 
Maximum 
Gycle 
BAe SEG Temperature 
Maximum 
Continuous 24,000 .50 1b/hp--hr 1620° F 


Normal 19,000 5 ili / no=hr 14750 F 





j— 
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Be3.. GE LM. 2500) G2 ee 


The LM 2500 basically is the TH39 Gurto tan iecuseazinc 
with the front fan and shaft removed and an aft-extending power 
shaft added to the power turbine, Some material changes were 
wege tO improve corrosion protection from contaminants ian Tne 
eeeeand in the fuel, 

The LM 2500 is a dual-rotor gas turbine with a 16 stage, 
Single spool, variable-stator compressor, an annular combustor, 
a two stage air-cooled gas generator turbine and a six stage 
power turbine, The power turbine is aerodynamically coupled to 
ime eas generator, shaft power is extracted from the power tur— 
bine by the aft-extending couplais. 

The IM 2500 gas tur bine consumes 135 pounds of air per sec- 
ond, has a turbine inlet temperature of about 2150° F, a pres- 
sure ratio of 16,8:1, an exhaust gas temperature of about 980° F 
Bnd is max-rated at approximately 25,500 shaft horsepower at 
100° F, A compact engine, its length is only 20 feet and its 


weight is approximately 10,500 ponds, 


Cermrosion Protection inthe TMS2Z 500 were cold secre awe 
are made from materials inherently corrosion-resistant (Titan- 
ium, Inco 718, A286 and 17-4PH), In the hot section, turbine 
vanes and blades have an aluminized diffusion coating, In 
Eeeerudon, a thin layer of relatively cool, clean air is applied 


eer Loe airioils of vWne rirst Stace Vaenmes and Diedes, “Hairs 
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film of cool @ir provides a buffer vhicaecepsy ierceivati eee. 


away from the airfoil to some déeree., 


Compressor The compressor is a i6 stage axial compressor 
with 6 rows of variable stator blades followed by 10 rows of 
ijoeeed Stator olades, The pressure rise per stage is greater 
mae that in earlier aircraft derivative engines. It is claimed 
that this is the result of higher tip speeds and higher radius 


mac Les , 


Combustor The annular combustor nas 30 fuel nozzles, This 
number of fuel nozzles provides a good fuel spray pattern and 
reduces variations in gas temperature, The design provides 
eel Control over cooling air, protecting the walls of @ne 
liner so that not spots are virtually eliminated, These fea- 
feces Dermit a higher temperature rise through the combustor, 


foe Maintaining cooler combustor liner walls, 


meroine The highest temperature in the engine is at the 
entrance to the high-pressure turbine, Althougn hollow air- 
cooled turbine blades and vanes have been used on earlier en- 
feeeee, vne I 2500 makes extensive use of film cooling, imping— 
ement cooling and convection cooling so that metal temperatures 
are actually lower tnan in earlier engines, while gas temper- 
atures are several hundred degrees higher. With a special 


process, small, accurately-—located holes can be placed where 
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needed in the airfoil to give optimum Tian, Convec ce cee 1s 
While these holes ere relatively small and the amount of air 


Passing througn them is carefully convroliedy 1 fo cla meo srw 


miey dO not become cloprzed in operation, 


bever Lurbine | ihe power turbine of the LM 2500 nas six scca2cce 
a number higher than usually associated with first-generation 
feenes, Lhe higher-numboer of stages pives nigher eiiiciencics 
at smaller diameters and lower turbine speeds, No special coole 
mummies ceded Lor this Component, Since Une vemperavure ie jeu 


are down, 


Performance Ane axLmumM Expeecved Peri @miance Tor Tie asa 
pier. pSia, 100° F inlet conditions with 3" Ho0 inlet and 5! 


H50 exhaust pressure drop is given below: 


Turbine 
Inlet 
Dae DEG CMe teanuilies 
Maximum 
Continuous 25,500 .39 1lb/hp-hr 2150° F 


Normal C2 ZO 41 1b/hp-hr - 





Ci. FOLYTROPIC sc hr ieie e 


Most often in giving an efficiency of an expansion or a 
compression process, isentropic efficiency is used, that is, 
imran COMpressiem= process for example ;wune rave of Stim. 
required in an isentropic process in compressing a gas from 
p@ecified iniet cOnditions to a specified outlet pressure to 
that that would be required in the actual process in compres- 
sing the gas from the same inlet conditions to the same exit 
Meessure, The trouble with using isentropic efficiencies in 
age@scussing the state of the art in trubines or compressors is 
that for a multi-stage compression or expansion even if all 
mEemibiogle State cliicrencies are the Same 7 aLMe Overall is ne 
tropic efficiency for the process will not be equal to the 
Stage efficiency and will instead vary with pressure ratio. 
Mme effect of the overall pressure ratio on the relationship 
between the individual stage efficiency and the overall effic- 
jency or the process can be seen by visualizing the process on 
an enthalpy-entropy diagram. (73). 

mee one actual compression 1s Hot Jsentroouc, tiicwerarr ins 
point for each elemental stage (after the first) will be ata 
Meener level of entropy than the starting point for the wnole 
mmeecess, Thus, sance the vertical distance between two con- 
stant pressure lines increases with entropy, the isentropic 
enthalpy rise for the elemental stage is greater than that for 


toe corresponding stage in a frictionless compression; this 
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effect is sometimes known as preheating, Hence, the sum of the 
isentropic enthalpy rises in all of the elemental stages, making 
Memcene complete compression, > Ahi, Will bdésPreater thane vile 
eime@le overall enthalpy rise which woud resuily Tremeai sever 
menctionless compression, IN ine , end Unis eCtleccrus 2s Wasa ted 
as the pressure ratio increases, Now, since the actual enthalpy 
rise, Ah, is the same in both cases and the overall efficiency 
is given by dividing Ahisby Ah and the elemental stage efficiency 
by DAhis by Ah, it follows that the overall efficiency will be 
leer tLnan the elemental stage efficiency and will decrease wich 
iiereasecd Dressure ratio, 

A similar argument applies to an Ssaoetas lek proCccse occur- 
mee in a2 Multi-Stage turbine except that in this case the over— 
Pemeciii1ciency will be greater than ube Clemenval = Stacemer tite 
iemcy and increases with increasing Dressime, rav1o., lation: 
@earemeiye fain in efficlrency 2s due to a reneating efiecy whica 
©orrecoponds to the preheating in the compression process, 

mmoroer GO Nave an Cificiency whiem Me nov Sel uncurea oe 
overall pressure ratio and is therefore more convenient to use 
mae fencra | cycle performance Dredicvicds, 4 ‘sma svace Vor 
PomeeurODic efficiency is defined as the limit of isentropic 
mmeemeroncy as the pressure ratio foes to zéro, - The overall 
isentropic efficiencies for compression, {l,, and. expansion,\\,, 
eee Shown to be related to the polytropic efficiency for 
compression, fl, ; and for expansion, Tl, s in the following manner 


(for perfect gases): (22) 
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ia discussims the Stave Gf “Cie 2rt wor scomnprecsoOm om 
Biecwaesien, therefore, it is usual to use polytropic efiic- 


iencies, 
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D,. SURVEY OF AUTHOR MS ti GAs SURES 


mw tw eee 


AND MARINE ENGINEERING FIELD 


In order.to obtain the views of a  Varce aie: erway Jame 
mgnes in the gas turbine and marine engineering fred, jagsur vc, 
was designed to provide maximum information wivh a minimum 
peut of effort on the part of each person surveyed. This 
survey consisted of a number of ooueainetions or predictions (a 
total of twelve statements) concerning various aspects of marine 
Paememoroine propulsion, For each statement, the person being 
surveyed was asked to indicate whether he agreed, agreed in 
ieee dL Sacrecd, Or had no information concerning the svavement, 
Comments concerning the statements or marine gas turbine propul- 
Sion in general were encouraged and many were received. 

individuals, not firms or agencies, were surveyed. However, 
the individuals surveyed are somewhat arbitrarily divided into 
categories depending upon the nature of the firm or agency with 
which the individual is associated, The main categories are 
Weers and manufacturers, The user category includes individuals 
associated with naval architecture and marine engineering firms, 
e@epopvuiiders, U.S, Navy, Royal Canadian Navy, U.S. Coast Guard, 
fageeenc U.S, Maritime Administration, The manufacturer category 
includes manufacturers of both aircraft and. heavy duty type gas 
turbine engines. In addition to these, ea third category, termed 
mowers” includes a few authorities who do not appear to fit 
into either of the two main categories, Although it is under- 


stood that the views of an individual does not necessarily 





i 
represent the views of the firm or agency with which he 1S asSoc- 
tated, it is felt that his views are inf iieneeds oy Vicia tie ee. 
Wis work, so it 1s useful to have the autmerittieseaityrded se 
Semrrerent CaLvegories. 

The results of the survey including many of the comments 


received are presented below. 


fee lone naval field for aircraft derivative marine gas turbines 
is firmly establisned and in the future most non-nuclear 
warships other than carriers will be propelled entirely by 


maese 2as turbines, 


Agree Agree sAderar:  DPisacree No iniecmnaricen 


Users 45. 5% 36.4% 9.1% 9.1% 
Manuf. 60 30 10 = 
Suners - OC = = 
All 47.8 39.2 Sia ae) 


Comments: 
weers 
1, Possibly true in numbers but not necessarily by 
types. The gas turbine has many advantages but also limitations, 
There 1S much room for development of other propulsion systems. 
2, industrial gas turbines inay prove more economical 
wemepcrave, GH is devoting a good deal of time to developing 
them for marine use, 


3. GODOG or CODAG can not be ruied out for all war- 





cw) 


ships. If large endurance at low speeds is required, then a 
“CoDoG plant may be more suitable, 

4, For combatant ships this appears to be true, be- 
eause of the improved performance of second generation enzines 
(IM 2500) and the conversion of the fuel system from NSFO to Std, 
Meme Distillate, (U.S,) 

Manufacturers 

1. Gas turbimes designed for specii ic pover waiee- 
can be economically competitive with diesel and steam propulsion. 
The size and weight of the gas turbine provides a definite ad- 
vantage specifically for military craft, 

4, Not firmly established, "small size gas tures 
Zou o =etO,000 hp, oe yet available with desired SFC and life. 

a, . EXCewuLons bo goove - small vessels, such as mine- 
sweepers where nigh speed is not important. 

4, There will be a predominance of aircraft deriva- 
tive units in the fast deployment area but surely there must 
[eefersce SOME committment to economy and the use of cruise arranze— 
Mens. | 

Suners 

1. Expect to see both diesel and gas turbines, 

2. it avvears that the naval use of aircraft deriva- 
meee Sas turbines in the marine field is well established, 
However, can not say that the future non-nuclear warships ex- 
@mpaing carriers, will be propelled entirely by this prime mover, 
Only recentiy has the U.S, Navy decided on gas turbine propulsion 


for destroyers, 
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oa AG PYESENt iG Tne mercnant Si ies cee dem ae turbine power 
lant seems suitedmonlystor these ships esi eied ome oeae-- om 
he utilization factor and Maximum percen vate Clme 7 ono l ee 


fomeotal ship volume sucht 2s container egaer olmlnow tenella 


Ships, 
meres Aeree in Part Diaereceu, 0, linorm ae 
Users 36.4% 18.1% | 36.4% 9.1% 
Manuf , LQ 50 10 = 
Others - 50 50 - 
Aga 34.8 34.8 Zope 43 
Comments: 
Users 
1. Ee@onomie advantages for merehmant ships are very 
questionable, 


2 weThéesaieeralt gas turbines is best suitedmeior wae 
Upelegation shivs, The industrial engine will be adapted to 
general cargo ships and tankers, 

3. AY tds trial Lypeeeas turbine sien wadepcredmier 
marine use may Ne COMmMpStitive with steam or diesel for other 
ieedes Of logistic shins, 

4, Fuel costs and what appears to be high mainten- 
pee COSLtS for the aircraft derivative fas turbine are factors 
which militate against the use of these power plants in shinvs 
in which high speed and maximized cargo spaces are nov required. 


The industrial gas turbine may became more useful for a broader 
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spectrum of ships than the aircraft demi live Cy eee o eve: 
‘more practical experience is needed wWivn the 11dis bot 
turbine than is currently available. 

5.” Future mercnant marine propulctone oe lawtss 1 
mes country (U.S.): the industrial ¢.t, should make tne fire. 
real inroad into the conventional steam iplant DULL that wall noe 
Seer for several years, even though peeay 12 15 CCOMOmleaian 
Mecractive, Aircraft g.t.'s should really be limited to a 
relatively few installations where the ship is tailored to the 
Memevacular engine. Since it can not and will not ever burn 
festaual tuels, 1t 1S not economically competitive With ¢he 
imc trial ~.t,, diesel or steam. 

Manufacturers 

i. True only if the currently available large aircraft 
Gemevavive gas turbines are considered. It is possible, nowever, 
for smaller gas turbines to be competitive in the remainder of 
the marine field. 

euners 

1. Most suitable for these, but could change with 
heavy distillate fuel at lower cost. 

2. Would not agree that the gas turbine power plant 
is suited only for ships designed for high speéd, etc. Each 
ship application must be studied individually and a blanket 


Statement is not in order, 
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3, Reversing the shaft outpul is no fomecr ieee lovee came 
in the use of gas turbines for marine Propuls1 ongsince Cougar 
lable reversible pitch propellers are now available for most 
power ranges of interest, (Also reversing reduction gears or 


hydraulic reversing may be used). 


iy) Nemgexe Aproe in Part Disagree No Imfomatviod 


eee 
Users 63.6% 9.1% 2S = 
Manuf. (ae Bo = = 
Others ~ 50 50 a 
All 69.6 17.4 SC - 
Comments: 

Users 


1, Reversing by any of the above methods is practical 
but has disadvantages and limitations which are generally under- 
stated by enthusiasts, 

2. More experience is needed to be sure of the reli- 
ability of CRP props. Mechanical reverse gears in large power 
systems are an undesirable complexity. 

Boe (Oe Cla tee |. Callacian Naswcemedst ra cedumem. 
practicability of reversing reduction gears and worldwide ac- 
@-peeonce Of CHP propellers, even in the high norseépowers ex-— 
Peeeed trom the aircraft derivative gas turbine, has provided 
an alternate means of shaft reversal, 

4, While the controllable pitch propeller will pre- 


Memineate MOSt &.t. Dlants, the reverse reduction gear offers 





ass 
the most attractive solution economically, 
Moanubacmneers 

1. Many ship operators have accepted the CRP pro- 
peller for general utilization, In other applications such as 
mecoreakers and military craft, 1: ijS6efelt (6 (bes cub iaaemee cle 
wenbacking power available for maneuvering, crash stop capabil-= 
me CLC. 

2. in the 1,000 to 4+,000@iee vance CHRP sti lieecoc. 
more than reverse gears but the gears are extremely large since 
they are essentially diesel units, 

3, tne best way Us elo redesren, Tie power Uurleivce.. 
mies it rotates in the ooposite direction. 

4, Cost must be considered, 

5. The reversing method still dictates arrangements 
of the gas turbine, gas turbines of 60,000 hp are available and 
ewelea Wilh these ho are planned. Transmission systems tag 
iSelalale mm 

Others 

jpn ly glevelem Cliismme clciaienMlkes,  iCiclovgieay 

Ze The controllable reversible propeller is certainly 
fmeemereaple for eyen the Jlarsce power ranges, 16 is also important 
LO remember that the reverse gear offers many advantages, The 
Maem reverse gear installed in the Gis Callaghan has been in 
cemutce [Or a number of years sand waccordingsto information 


Beetiable, has done quate an outstanding job, 
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4, Research and development work aimed at making the gas tur- 
bine a competitive merchant marine Proviso ya woe Ul cee 
concentrated on improving the thermal efficiency and overcoians 


ioe problem of heavy residual fuel ourai ae, 


(emalels) Agree in Part Disagree No Information 
Users 27 . 3% 63.6% 9.1% - 
Manuf , ane) 50 | 10 = 
Srners ~ : - 100 2 
All 30,4 DZac 17.4 - 
Comments: 
Users 


1, ne industrial gas turbines appear to have were 
adaptability for heavy residual fuels because the heavier 
Piadesmare less susceptible to corrosion, 

2. K& D should be aimed at consistently successful 
MeeeOrencavy distallates in a@viation gas turbines and on more 
pemiaole firing Of treated residual for industrial type gas 
turbines, Improved thermal efficiency has less economic gain 
than potential use of cheaper fuels, 

3, More work needs to be done with respect to mar- 
meet ion Of aircraft type gas turbines, ic, aleality Co with— 
stand effects of salt and moisture laden air. 

4, For the aircraft derivative gas turbine it appears 
that the first problem is learning how to burn cheaper fuel (not 


nessssarily residual fuels), At present this is believed to be 





Ia 
jd 


more useful than improving the tnermal efficiency, While this 
1S an area where improvements can be Mede, fOr viel or ceo me 
future ships will have to accept aircraft derivative gas tur- 
Dimes based, primarily, On aircrait RG DP Waere Si7oele ace 
me-eavailable for this purpose, The Ge WT 2500 16 earl. 
@eectitivye with all buc the most advanced steam Cyeles swine vner 
Maese Engines will ever seBaen wesielnat fuels iS pPreirenaricam 

With respect to the industrial cype heavy ducvy gas 
meeonnes, thermal efficiencies can be improved by Ccomplicavrons 
MemmereecVCle ULIInzed, and the prebilemren Uvatizaie Seo rene 
PUciIS in these engines does not apvear as difficult as in the 
eget Gerivative Pas turbines, On tne Otner hand, tnere 
Seems to be & tendency on the part of industrial gas turbine 
users (ashore) to utilize aise. Rawimer thaneres .Ciemscm 

Manufacturers 

1, Increasing the thermal eciriciency Of a fas Ture 
pmaeewili add complexity, thus reduce the advantages it has over 
a competitive system. A heat recovery COGAS system is the most 
desirable means of IMereacine vie Uncrate cla 1elemC ys emia: 
cantly without adding considerable complexity. 

The trend toward more stringent pollution regulations 
in the U.S. will prebably reduce the desire to develop systems 
to burn the "dirtier" heavy residual fuels as is, Since the 
Systems to treat these fuels will require bulky arrangements of 
tankage for water and waste material, the trend will be rather 


wemrerd OUrMing Cleansr rusis whach Wile not require Ureavnenc, 
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2, Development should eonti ieee: turbine materials 
and/or coatings to resist hot corrosion/corrosive atmosphere 
associated with marine environment. The ability to. use heavy 
grcia tiate fuel is considered to be a Yesser proper, 

3. For the types of applications Ciued eatin. - cong 
statement, a special fuel (heavy distillate) could be produced 
Meeeee sufficient imeentive to oil refiners. in any case metais 
(vanadium, sodium) in fuel will be one of the limiting factors, 
Thermal efficiencies are ok now with anticipated power ranges. 

4, It'll be "many moons" before a gas turbine, es- 
B-esaoally an aircraft derivative one can burn residual fuel, 

5. Not really worthwhile to develop residual fuel 
Bimernes capability. Most fuel manufacturers would prefer pro 
ducing low cost atmospheric distillation products with a high 
eaampoint, eg., 800 = 825° F, for use in gas turbines, etc. The 
per cent of domestic crude that ends up as residual is about 5%. 

6. And in Pedic nis mee eee costs, | 

7. From the heavy duty gas turbine viewpoint, the 
Pmumeewins Specifics are listed - reversing fas Turbine, welgne 
reduction in heat ReECOVve>y VCOUIRNenY., Were aac iim lim @eimeuica a 
peer deposition reduction, further increase in maintenance 
time interval and removal of need to treat Bunker "C" fuel, 

Others 

Tab inS sop ear Olsm Came wma i! Ormonde yes cm 

engines at 50 to 200 million per program but must use either 


aircraft derivatives or heavy duty units. The efficiency of 





WSS 
aircraft derivative (LM 2500) is now at 35% or so, but it must 
burn No, 2 or heavy distillate. The heavy duty G.I. with re- 
generator burns No, 6 and is efficient but does not have the 
advantages of small size and weight. 

2. There appears to be no need for research and 
fevelopment to improve the thermal eiiiciency of the sas Tur 
bine in order to make it competitive with other types of pro- 
Piston. As to the problems of burning heavy residual fuels, 
tne day may be seen when burning eee residual fuels will not 


mempermitvtved purely from the standpoint of air pollution, Fur 


Mie, ewhnere may not be any heavy residuals to bourn. 





5. First cost of the gas turbine suitable for marine propulsion 
is presently relatively high, apparently because of small num- 


bers in production and the high cost of develo pmettee<pend) vem, 


recovery. 
Agree Agree in Part Disagrees Silomimioricwiou 

Users is 23 U5 47% lee 
Manuf, 1.0 LO we 6 — 

Others - - LOG = 

All yagler ts: 30,4 Se ot 
Comments: 

Users 


1, Costs are inherently high for the aircraft type. 
Mifemstbavement might be true for the industrial type if data 
could be put on a comparable basis which is rarely done, 

2, Une voval installed @¢ost of a Complevese 2 -sueiein 
fieemanery installation in many cases will be less than total 
installed cost of a comparable steam turbine installation. 

3. True, development costs may take some time with 
LM 2500, for instance, but FT4 has high percentage of parts 
commonality with J75 of which there are many, 

4, The aircraft derivative gas turbine is probably 
memenuly less expensive than a comparable Steam plant. However, 
MmemeevelOpment Meas been funded, primarily, by invesvigarions 
in the aircreft field, It is doubted that any sizable reduct-~ 


moe i Price woulda result from a Significantly g@reaver use oF 





IGS 
these engines, bearing in mind Tieab pice eod erie) for airerait 
far outweighs the number which can besexpec ied si ome iehos ncesuices 

5. statement is too sweeping, One of the advantages 
claimed for marine gas turbines derived from aircraft engines is 
that development costs have been absorbed by the high production 
for aircraft, Installation costs can be considerably lower than 
maose fOr steam plants, 

6, At the present time, it is rare that a gas turbine 
installation (investment cost) should ever cost more than a 
oom Dlami.” Tne development "ees l Of -1MG@Us il a ee ers  Olbia = amin 
peeeiiariiy borne by the power generation utilities and the air-— 
craft engine by the Defense Department (U.S. ). 

Manutacvurers 

1, The high cost of the aircral tate ivyaviver faces 
Mmiomits also due partially to the high standards which must be 
Hee tO insure maximum reliability in an aircraft, Also contri-|= 
peeemere TO the high cost of the more efficient gas turbines is 
Miemmatrerial cost of the hot section and turbine section mat- 
erials required to resist high temperature corrosion (TIT above 
1600° F) in a marine environment. 

2. Total system cost may be less relatively and con- 
eerie ship construction savings it may be further reduced, 

3, AlSO the basic Maveritals are more expensive  puL 
Hast longer. Balance between acquisition cost and total life 
cost Soe PevOr oF PENG Sas Elliepl ne. 


4, Also precision manufacture is required. 
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5. Heavy duty gas turbines have been sold for years 
in direct competition with diesels and Steam on a comparative 
Size basis (with aircraft types also) and it is not a complete 
ae Lure tO aSSECSSBM@rtn or economics @eolely On acquisition 
Gest of the prime mover, 

OLners 

1, Not true of aircraft derivative nor "el “Svandarcd 
imewotrial design, would be true of units or those components, 
‘eered Strictly to marine use, 

2... Je total cost Of Them smip eine iid aac = promis 
fem pliant must be taken into account, not just the cost of, tue 


prime mover alone, 





1 
ON 


: 


6, The second generation aircraft derivative gas turbines, 
typified by the GE If] 2500, wouldm@e Gruul)  conpevtti = ea 
general merchant ship propulsion field right now using No, 2-GT 
ASTM fuel if shipowners would band together to negotiate world- 


wide fuel purchases at a lower price, 


Agree Agree in Part Disagree) No Intermiavron 


Users = ome 2 45.6% 36.4% 
Manuf. 30% 40 20 10 
Others ~ ~ - 100 
All dp AS al 30,4 30,4 
Comments: 

Users 


i, This statement overlooks many of the problems of 
merchant ship operation, 

2. The same savings would be realized for any pro- 
ems tOn system, 

3. it may not be necessary to "band together", In 
the world fuel market the ver cent difference between heavy dis- 
Mmerare and residual is steadily decreasing, 

4, Because of pricing practices in the oil industry 
memes QCUCSLLIONed aS to whether snip owners acting in consort 
seme generate lower prices for fuel suitable for aircraft de- 
rivative gas turbines, Also bear in mind that the bulk of new 
ship COnS Urucl1 On in tie WortG (1s POWEres Syed esc = claim o, 


having a fuel rate well below the aircraft derivative gas tur- 





—. 
On 
co 





bianes and vUbidizins esi dvs ue lee 


c 


5, it is not thought that such a proposal wouid nec- 
essarily be acceptable to the fuel suppliers, 

6, Why would or should the shipowners take such a 
course? Both the oil companies and shipowners are in business 
femmake as larze a profit as possible, When 10 becomes cconcm-— 
ical to market a lower priced fuel such as heavy sds bil tae 
wae O11 companies will do so, The U.S. Navy conversion may well 
meee LOIS in a few years, 

Manufacturers 

1,. The gas Turbine In seneral 1s 10 conpe rie oe 
the marine industry. The choice of propulsion system is de- 
Pemoaent upon many PaO and aS Svtabved 1m gies liom TvOmudeme. 
burbine-is suited for various apolicavions, if fuel pricesmen 
Meemeront distillate are reduced, the gas Turbine Will Of course 
MamouL in a better position, The marine industry, however, will 
meammeey SKCDLICal oi high vemperature Second Penecraviener 1 otnes 
fees to the short hot section life. There will be some question 
Gemepo wnietner the decrease in fuel consumption will offset the 
decrease (to about 2,000 hrs.) of the time between overhauls 
Meneoeing demonstrated by second generation turbines, 

2, Not aware that this svecific fuel would have to 
be used, 

3. Ok on Nesotiavting fuel prices but aircrart engines 
should be truly modified (i.e. sleeve type bearings, heavy discs, 


seals, etc, ) 
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4, Fuel availability and quality around oe world. 
is too diverse and different to be able to have a common spec- 
mcatilovMand primes, 

5, Would probably be competitive 1n fuel eosrvs bur 
Wew about other elements. of operaving costs, 

6, Feel sure the manufacturers can prove economics 
of certain types of installations now and it is assumed that 
recent contracts ("Euroliner", for instance) must be econom- 
reelly sound, 

Sere 

i. U.S, railroads each buy 50,000,000 gal/year of 
No, 2 011 of their own specification at 8,5¢/gal, (This is 
heavier than Std, ASTM No, 2), The new heavy distillates are 
‘priced between No. 2 and No, 6 and may be economically attract- 
ive, (These are waxy fuels that are heated like No, 6 to be 
handled and burned but have no ash or sulphur, ) 

a. Reo nere are Oulewiechers Vome Ctlon emerald 
the overall ship besides fuel cost, It may be rather difficult 


pom Oreanize"” lower fuel prices, 
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7, ‘The only practical method Of \bUrmitiewee-iave fuels in fas 
turbines in the near future iS by Dpretreaument Oi Qene fuer 
(usually water washing followed by addition of chemical inhib- 
itors) and not be other schemes such as combustion at or below 
the stoichiometric air/fuel ratio or by allowing an equilibrium 


Bareckness of ash to deposit on the turbine blades, 


Sees Be cee aia Part Disagree No Information 
Users 63.6% 18.2% = 18.2% 
Manuf, LQ 20 20% 20 
Others 100 - = = 
(ain 50.5 17.4 Sah Les 
Comments: 
Users 


1. This appears to be true for the near future but 
fee NOL continue to be true, 

2. Have Aaa tnNav one foreien company 1S Svvempcuine 
femeemen residual fuels in gas turbines by Tiv~st gasifying the 
TUel, i1f this is practical, it would seem to open up a whole 
new area of residual use in these engines, 

3. The treatment suggested is not necessarily ade- 
quate, 

4, And this really only applies to industrial G.T,'s, 
leis very Unlikely that aircrart G.T.'s will ever burn any fuel 
worse than Std, Navy Dist, and even that will reduce overhaul 


eycles and incrcase maintenance costs, 
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Manufacturers 

1, Current residual fuels tenoule neve be teens iden ae 
Experience shows that this is not the approach to be compatible 
with reduced manning and maintainence, 

2, Except for the engines with a 1100 ~- 12009 F 
turbine inlet temperature and with huge combustion chambers, 
there is no practical way at this time to burn residuals, 

3, Technically 10 is feasible Co burnt pretureaccdmne 
Sidval fuel ina gas turbine, however, in a marine application 
it is presently economically impractical, 

Combustion at or below the stoichiometric air/ 
mremeeroal1O, although it is possible Ter Snort periods cf eriumne. 
is not feasible for constant applications because of the 3,000+° F 
vemperatures associated. The nature of the gas turbine is such 
that it requires an excess of air in order to lower the turbine 
inlet temperature to the turbine material capability. 

There is no way of allowing an equilibrium thick- 
Meso Of ash to deposit on the turbine blede, The ash deposits 
fei Continue to build up during constant power application, to 
Ene point wnere either thermal cycling or blade cleaning is 
required to prevent severe performance degradation along with 
Pemrosion problems, 

4, Some of the latest research is aimed at reducing 
the need for a major portion of the pretreatment and corrosion 
and deposition reduction. Agree that lower temperatures and 


eon Culld up are not the way to fo. 





1?é 
Cie Gs 
1, it would seem that Gretrecatnent somes resto ua 


fuel would be attractive, 





nes) 
8. Since the present methods of pretreatment of residual fuels 
involve a large first cost, large expenditure of volume and 
weight, require large amounts of distilled water and are nov 
easy to completely automate, many of the advantages normally 
attributed to a gas turbine plant are lost when burning resid- 


ual fuels, 


Agree Aorecoin Part Disaeree Wiom niommaie 


Users 45 4% Ze 9.1% 18.2% 
Manuf. Bie) 6 Se 10 
Others 50 ~ 50 = 
All 47.9 iy Uh 2 13.0 
Comments: 

Users 


1, An RR & D effort can greatly reduce the disadvan-— 
tages stated for the fuel treatment process, 

2. AS evidenced by the Australian BHP steel container 
Ships this is not even true now, With continued markets and 
eecem improvements, 10 will be less Crue in the future, “Pre 
great majority of propulsion plants worldwide are Diesel I,C, 
Beeines With fuel treatment plants. 

Manufacturers 

1. Don't think fuel treatment costs are that great, 
Normal bunker fuel handling takes lots of equipment - centri- 
fuges, filters, day tanks, heaters --- and lots of labor to 


operate, 
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2, For jnarine appliea li one e aca sn@ practical 
way to burn residuals at this time. 

an steam boilers have high maintenance costs when 
pemnineg Bunker “C8 sor Navy speciale 

4, Each part such as first cost volume and weight, 
mauer and automation are either exazrzerations or wali Uruvas:, 

5, The gas Turbine will be ana mueW Setter (eo uric 
competively if cleaner exhaust is Pea nrecl. The gas turbine is 
imaerently a cleaner operating machine partially because of its 
weo1en and partially because of the fuel it burns. in compar- 
iro, vie gas turbine is cleaner than a diesel operaling On iim 
same fuel, the requirements for cleaner burning fuels will 
meeec all operators, including diesel, turbine and steam over= 
eeeors to either use cleaner fuel or pretreat the residual fuel 
as now required in gas turbine operation, 

Viners 

1, otihiamay be economically attracivive. 

2, There appears to be no basic justification for 
Wee statement that many of the advantages of the gas anions 


Siew Ost when burning residual fuels. 
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9, Present second generation a2rcrat page ar Gas VU TNes 
(such as LM 2500) have almost reached the maximum practical 
attainable thermal eificiency for simples o cause, cles toc. 
pines and any further sionifican Go recduecr en se ee mn ec mmaenl 
eensumption for marine gas Curbime, planes will Nave vto conc 


mameouchn use Of repenerative Cycles or With Wasve ieee Gen 


Apres Agree in Part Disagree No Tnarormmarion 


Users 18.2% 27.3% 45.4% 9.1% 
Pemut , 20 70 10 _ 
Others _ 50 = 50 
Belt. ee 47 8 Cone on? 


Comments: 
Users 

i; lbeue, at least. forsune near UuLure. 

2, wvecond generation engines have reached a plateqgu 
of efficiency limited by state-of-art in materials and blade 
fons, Gombined cycles offer further Sains in ei ficrency. 

3. Turbine inlet temperatures have not necessarily 
meached a theoretical IROL ie elem el quiis tw ite, 

4, With the higher pressure ratios regeneration is 
Momence r avtractive, 

5. wv»sifgnificant reductions im’ fuel rates through the 
use of regenerative cycles or other similar means may be dif- 
ficult to achieve practically. Aircraft derivative gas tur- 


Dbines, while they may be used with a waste heat boiler, are 





js 
SJ 
CN 


poing to be extremely difficult Uo Use weiina ete ere eee. 
Similar equipment and in so doing some of the advantages of 
eaze and welehnt mayeee eliminevcas 

6. It is too early to rule out further improvements 
mre materials and cooling techniques. 

7. Although combined plants are more complicated 
and require larger space and weight they do appear to offer the 
best method for near term improvements in thermal efficiency 
wor GC.T, plants, primarily because U.S. Government Sponsorship 
ete large engine development is being slowed, 

Manufacturers 
1, Present second cerecrarviom aiverals derivev ives aes 


turbines (such as LM 2500) have passed the maximum practica 


eo 





attainable thermal efficiency when operating in a marine atmos- 
phere with marine fuels, High turbine inlet temperatures (be- 
tween about 16009 F and 20009 F) although improving the thermal 
efficiency result in sulfidation vroblems in a salt air/heavy 
Fuel environment, 
Higher temperatures (above 2000° F) will only 

move the sulfidation problem to the after stages of the turbine 
Secvuion and will result in oxidation problems on the forward 
pwopes. The second generation gas turbines are currently having 
@iewr turbine section changed out at about every 2,000 hours of 
Meeration, TO be economically competitive, it is felt that 
Mencser TBO's are required. 

2. Fresently true, based on state-of-the-art an 


available materials, 





Algal 

3. Keep cycles simple and increase thermal Giriciency 
through improved materials for hieher sities sci oro Ula 

4. Pressure ratios of the LM 2500/JT9D are too high 
to make efficient use of a regenerator, Waste heat boilers 
will help if you need steam and can stand the bulk and volume, 

5. Both compressor pressvresratio and .hur vine seme 
momperature can be increased, Limit is not reached yet, 

6, True, for the next 8 - 10 years anyway. 

(en This iS true except for the fact thar simole 
@pen cycle gas turbines will continue with the upward trend of 
acer TIT's, 

8, Large turbines (open cycle) aren't too bad on SFC 
amg & resenerative IM 2500 size engine would be a monster: 

9. Ailrerarit derivatives witm nice Comoresso sore gem de 
foaetos CO not lend themselves to regeneration, Waste heal bor 
ers are a must for application purposes and whether the units 
have reached their limits is yet a moot point, 

Others 

1, New cycles at 40:1 pressure ratio and near 30009 

F inlet temperatures are under development, Efficiency possibly 


45 to 50%, 





BETAS 
10, The aircraft derivative 245 eee eiao ae significant 
advantage over the heavy duty type in that the gas generator 
section can be easily removed allowing major overhauls to be 
done ashore and increasing the availability of the ship. Also 
the aero-derivative gas turbine performance can be improved by 
branging the whole gas generator section up to date and making 
internal modifications to the power turbine to cope with the 


new gas generator. 


Agree Aprec in Fart “Disagree NoOminioruap von 
Users 45,42 36 Ug 9.1% Slee 
Manuf, 718 20 10 = 
Others 100 - a = 
All 60.9 Alera en 43 


Comments: 
Users 
1, The aircraft prime mover companies have done an 

outstanding salesmanshiv job in capitalizing on what could have 
been a significant disadvantage to the gas turbine engine, 

The immediate question is why would a shipowner 
Semopecraclor want vo remove a prime mover at regular intervals? 
Prior to the present day acceptance of aircraft derivative en- 
gines in naval applications, was not all maintenance accomplished 
aboard ship or during regularly scneduled shipyard availabilities? 

Where a gas turbine prime mover is used,the gas 


generator section (and the power turbine section also) must be 





179 
removed from the ship vesularly Ss icGicer- een practical man-— 
ner in which major maintenance items can be accomplished aboard 
snip. The high temperature, high perhemience Seer rei. =e 
menerator, even in alrcrait Service musy Ye rer larl) se, emcee 
since it can not be designed (and should not be) for long life 
and achieve the performance required of the aircraft. In marine 
eervace the overhaul cycle will be tess (1,000 to 67000 hours, 
depending on the type of installation and load factor. The re- 
duced overnaul cycle is dependent on how severe the environ- 
mental conditions are under which the engine must sustain oper- 
ation, Removing the engine (and for the LM 2500, it is the 
complete engine) or gas generator (FT4 type installation) is 
clearly not an advantage to the shipowner or overator for he 
must have a replacement engine while the overhaul is being ac- 
complished, However, it is not the disadvantage that it would 
have been many years ago, With ship crews (both merchant and 
naval) continually being reduced (because of the obvious sone 
omic considerations, as well as improved plant design and less 
skilled available labor) only a bare minimum of preventative 
Mealnvenance is now accomplished aboard the shiv itself, 

bite lite Cycle cost ana lysadc ened 21 ven siaas 
feosclOn, tne aircrait engine's annual maintenance costs (in-= 
cluding rotatable spare engines) are not much greater than 
steam or the industrial gas turbine and ere less than a diesel 
plant for most ship applications, Thus, having to remove the 


encine from the ship is not a disadvantage but it iS also mou 


180 
an advantage, 

In regard to Modernizing ee eine Over ono 
regular removal and overhaul, the advantages gained are not 
eompletely clear, although ultimately there sould oe. - ee 
This question of modernization and conversion is misunderstood 
by many as it applies to a marine application, For aircraft, 
improvements gendered by technological advances (better mater- 
jails, thus higher operating temperatures) can be directly used 
in producing greater engine thrusts and ultimately a better 
Operating envelope if not totally improved performance capa-— 
bility. Ina ship, these advantages are not always that appar- 
ent, The ship's hull, transmission system and propeller are 
meococd, optimally nopefully, for a finite mission requirements 
Tnus a larger power capability available from a gas turbine can 
eile O1rectly uri lized an improving, the ship peri oumance. 
Paeaine JMprovements Can be extremely pene eee if they result 
in lower fuel consumption rates and reduced maintenance require- 
ments. From this standpoint the aircraft engine may have a 
een advantage sometime in the future in Comparison Go the 
mocustrial gas turbine, The historical record to date would wort 
‘esvantiate this belier, Ail gas turbine engine marine insvat— 
lations have been subject to ey ONE CoeD out primarily these 
mee Deen tne resuit of unsatisfactory operation in the marine 
environment. 

Ze ee LOC erst. Dare 1S. Crilememee cometary neers alae 


Ships, The heavy duty type has advantages which have not been 





eu 
fully developed especially for merchant snips, 

3, sFor eebaseload plant, the wai ecgegelc o> soo on 
tage of the aero-derived turbine over the long-life industrial 
type has not yet been demonstrated, 

4, The heavy duty G.T, can last much longer before 
overhauls are required. 

5. While aircraft derivative turbines will be over- 
hauled ashore, the price of such overhauls (much higher than 
anticipated) is one strike against the aircraft derivative 
engine. 

Manufacturers 

ly Agree, vke complete gas Generator cam be cChaneea 
Out adoard ship if necessary in a few hours, 

2. Depending on the changes/mods to the gas gener- 
macor, major changes to the power turbine may be required, 

3. Also on board maintenance is more easily per- 
memamnec , 

ieeelGtetoo much infogavai labic —aabi. the Acme 
laghan had 4 ges generator changeouts in 17 months; between 
Bee 5,000 hovrs/gas generator, The GIS John Sergeant on Bunker 
C after 9,800 hours, no overhaul, turbine in excellent condition. 
Maintenance is a big: unknown yet to be proved, 

Ovhers 

1, it is true that the aircraft type gas turbine 

has the advantage over the heavy duty type in quick replace- 


ment and also in wodating with mew technolagy. 





eZ 


11, Increasing the turbine inlets cnpe str Cig oe. oe 
ative cycle gas turbine to the 2300-24009 F range would give 
very attractive thermal efficiencies. Glio oe ioe eee 
er per unit airflow would help negate the drawback of a bulky 
memenerabtor but this would require the development o1 aaa 


temperature heat transfer surfaces which doesn't appear likely 


in the near future, 


A@hee npree in bare Disaerce Worl a Orne quem 
Users 9.1% 63.6% 9.1% Owe. 
Manuf, 50 Bo 20 _ 
Ooners - a0 - 50 
lal 26,1 47.9 13 1) 


Comments : 
Wisers 

1, it as’felt that a lower Tuell price will open tne 
femeee, Or gas Lurbines. Once more service exverlensce as On] 
waeened, competitive &R & D will soon find optimum cycle arrange- 
imos, oetter heat transfer surfaces, etc, 

2. The total development of gas turbine (aircraft) 
eeeees ond the required materials will be stowed in the future 
due to a reordering of national priorities, Government sponsor- 
ship of advanced technology for its own purpose wilii be more 
detailed considering total country cost benefit analyses, 

Memb ae tite re 


1. AS previously pointed out temperacvures in the 


HR 
2300 to 2400° F range result in short turbine life. Also, un- 
less the considerations are limited to low compression ratios 
(4.10) typical of industrial and centrifuzal compressor units, 
eae regenerative cycles, Oberatine Apaene woo emu ole tiles 
memperatures, would not nave Enough of ay per! ormance ipo we 
ment to warrant the additional cost and complexity of a regen-— 
eravor, 

2, Materials are available if apolied, 

3. Regenerators sre usually found to be Nocti tceum 
mimtOw pressure ratio, low temperature compressor gas turbines: 
Rezenerators for high turbine entry temperatures to my knowledge 
eee nol Now under development. The technology would be very 
eomvlex, 

4, First cost and maintenance cost of high temper- 
Bure recuperator would probably be prohibitive. 

5. Development should continue toward 2300 - 2400° F 
mmole Inley temberavure for simple open Cyclic enzines fircs 
een develop resencrators. 

6, Lower power machines (4,000 hp) run close to 
2300 — 2400° F now Without repenerators, Cooled blades and 
iea2zies are used most effectively and the effect on SFC is 
Significant. 

Others 

1, High temperature and high pressure ratio go to- 

gether, an optimized unit like the LM 2500 has a moderate exit 


gas temperature, Thus the gain from a regenerator is probably 


less as P @ ? arevincreascomie- vier 
| e, If the turbine inlet temperature is in the 2300 - 
2400° F range, the thermal efficiency would be most attractive 


miebnout the necessity and COmolexivy Jon ee elena oor 





ie 
i2, "A regenerator is a mechanical monstrosity and wilt “ever 


be able to function properly in 4 marine environment, " 


Agree Agree in Part Disagree Son Cuiaguen 
Users = = 90.9% 9.1% 
Manuf , 20% 30% 50 = 
ecners _ =: IL OKO) = 
All 8.7 Mi e720. 8 43 
Comments: 
Users 


i, tne wart has Go be desired fer cleanin sme. 
replacement of sections as units. 

2) Lees a mechanical complication not a monstrosity. 
mee shouid be able to operate in @ marine environment, given 
meeod design and material selection, 

Meio GUS rs 

1. Means such as heat recovery boilers are much more 
Meac tical for increasing thermal efficiency in a ship, Specii- 
Meally if they are used with high compression ratio aircrait 
femwovisvc GUrbines, The only turbines thay could meri icici ly 
Uti11Ze regeneration are the low pressure ratio industrial units 
which are inherently inefficient as a simple cycle unit, 

2. ICUS ler, Vecu— 1 UNC TLIO wee mcesconn i ayenou. 

3. Boilers are monstrosities also but because there 
Mere nO alvernatives, they were made to work, 


4, Under certsin circumstances, might be better 


referred to as a "necessary evil", 
Others 
1, Disagree, but the regenerator may be too large 
and heavy to be attractive, 
pe hesenerators Nave Opcmarcd 10 Marine woe Ge 


Hom example, the 2nstaltaviron weds Clee Onn se eee. 
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